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The mineralogy and geochemistry of mine waste can determine the mobility of 
elements into the wider environment. This research covers four phases of mine waste 
at Macraes, an active orogenic gold mine in Otago, New Zealand. It encompasses the 
generation of mine waste in pressure-oxidation autoclave processing, the evolution of 
tailings in storage, how water-rock interactions in waste-rock influence water 
chemistry, and treatment methods for high sulphate water affected by tailings and 
waste rock.  
 
Arsenopyrite (FeAsS), pyrite (FeS2), and for a time stibnite (Sb2S3), were processed by 
a pressure oxidation autoclave at Macraes, which changes the nature of the waste to 
oxidised material. Handheld XRF and SEM-EDS analyses were used to characterise the 
scales formed in the autoclave, focusing on the mineralogy of arsenic (As) and 
antimony (Sb). Results show that Sb may form the insoluble oxide tripuhyite (FeSbO4) 
with co-precipitated As in the autoclave. This may explain why Sb concentrations did 
not increase in waters at Macraes when the mine was processing externally mined Sb 
rich ore.  
 
The geochemistry and mineralogy of the tailings is studied to assess how the autoclave 
influences tailings mineralogy, attenuation and leaching processes over 10-20 years of 
burial. Most sulphides (arsenopyrite and pyrite) in 77 m deep tailings appear 
unaltered since deposition. More recent tailings (44 m depth and surface) have had 
most sulphides oxidised by the autoclave during processing. At these shallower depths 
arsenic was primarily associated with ferric oxides and some ferric arsenate but some 
arsenopyrite and pyrite was present, unoxidized by the autoclave.  
 
Extensive water quality data from 20 years of water analysis has been used to assess 
the water-rock interactions occurring in the waste rock stacks and tailings. In waste 
rock stacks pyrite weathering produces sulphuric acid, which is neutralised by chlorite 
and calcite in the waste rock stacks, leaving high concentrations of sulphate (~2800 
g/m3), magnesium (~800 g/m3) and bicarbonate (~700 g/m3) in solution.  
 II 
Calcium:bicarbonate and magnesium:sulphate ratios have been identified as markers 
for identifying tailings influenced water from waste-rock influenced water at Macraes.  
  
A proposal to manage high sulphate waters at the site through irrigation to force 
precipitation of sulphate minerals such as gypsum is investigated. The composition of 
the precipitates formed in a waste-rock stack affected waterway were found to be 
primarily aragonite, but geochemical models showed that with enough evaporation, 
gypsum would precipitate. A laboratory irrigation trial found that gypsum did 
precipitate in soil, but sulphate concentrations regained near-original levels in 
drainage after 8 weeks of irrigation.  
 
The arsenic and antimony in the tailings appear geochemically stable, with any 
aqueous components being adsorbed to the abundant ferric oxyhydroxides produced 
in the autoclave, but high sulphate water from waste rock and tailings is a remaining 
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Chapter 1 Introduction   
The processing and storage of waste from gold mining has the potential to release 
damaging material into the wider environment. Understanding the geochemical and 
mineralogical properties of mine waste is essential for appropriate management during 
mine operation and closure to prevent leaching of damaging material into the wider 
environment (Druzbicka et al., 2013, Jamieson et al., 2015).  
1.1 Global perspective: Orogenic gold mine waste 
The ability to predict environmental issues associated with orogenic gold mining is 
essential for appropriate mine management. To understand environmental risk, well 
constrained understanding of mineralogy and geochemistry of the deposit, including the 
host rock, mineralisation and trace elements are needed. In addition, the effect of ore 
processing and environmental factors such as hydrology, topography and climate also 
need to be understood (Jamieson et al., 2015).  
 
Orogenic gold deposits are found across the globe, with known deposit locations in 
Australia, Russia, China, Canada and New Zealand (Groves et al., 1997, Bierlein et al., 
2003). These deposits usually have 2 to 5% sulphides, normally pyrite (FeS2) and 
arsenopyrite (FeAsS). Generally arsenic concentrations are higher than in other types 
of gold deposits such as massive sulphide, and high sulphidation epithermal gold (Craw 
and Bowell, 2014). In addition to the pyrite and arsenopyrite, orogenic gold deposits 
can also include other associated sulphides such as stibnite (Sb2S3), galena (PbS) and 
chalcopyrite (CuFeS2) (Plumlee et al., 1999). All sulphides are generally unstable when 
exposed to surface conditions, breaking down when exposed to water and oxygen to 
release metals such iron and as arsenic from arsenopyrite (up to 46 wt.% As) and 
antimony from stibnite. (Salomons 1994, Quispe et al., 2013). The breakdown of 
sulphides also leads to acid mine drainage (AMD) by releasing sulphuric acid as seen in 




[1] 4FeS2 + 15O2 + 14H2O → 4Fe(OH)3- + 8H2SO4 
 
The breakdown of pyrite may be compounded by a number of factors. In oxidising 
conditions, the ferrous iron will oxidise to ferric iron (Fe3+), which can act as an oxidising 
agent on remaining pyrite, increasing breakdown rates. Sulphate reducing bacteria such 
as Thiobacillus thiooxidans and Thiobacillus ferrooxidans can also greatly increase the 
rate of pyrite weathering in mining environments (Sasaki et al., 1998).  While AMD is a 
significant problem in various sulphide-associated mines throughout the world, many 
orogenic gold deposits are associated with abundant carbonate minerals (Groves et al., 
1998, Kerr et al., 2015). The presence of carbonate minerals such as calcite means the 
mine drainage will be alkaline or neutral (Akcil and Koldas, 2006). In saturated 
environments where atmospheric CO2 is not available, the dissolution occurs as reaction 
[2] (Stumm and Morgan, 1981). Bicarbonate ions may also react with hydrogen ions to 
produce carbon dioxide and water (equation [3]).  
 
[2] CaCO3 + H+ → Ca2+ + HCO3- 
 
[3] HCO3- + H+ → H2O + CO2 
 
The neutralisation process leaves the sulphate from sulphuric acid in solution, at a 
circum-neutral pH, with bicarbonate if reaction [2] is dominant. Neutralisation from 
silicates such as chlorite will also leave sulphate in solution with cations such as Mg from 
the breakdown of the mineral (Yager et al., 2005). Neutral mine drainage (NMD) is less 
well documented than AMD but can still be a significant environmental problem, 
particularly due to high dissolved metals and metalloids, and remaining dissolved 
sulphate (Heikkinen et al., 2008). Fortunately, in NMD, most metallic cations are not 
soluble at neutral to alkaline pH. Some exceptions to this are Mg, which is typically 
mobile until a pH of 9, and the metalloids As and Sb, which remain in solution over a 
wide pH range (Craw and Bowell., 2014; Jamieson et al., 2015). The sulphate from the 
original generation of sulphuric acid also remains in solution over neutralisation. (Akcil 
and Koldas, 2006).  
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1.2 Elevated elements in orogenic mine waste  
The weathering of orogenic mine waste can mobilise components of the disturbed rock, 
particularly arsenic, antimony and sulphate from sulphides in the rock. The 
environmental influence of metalloids arsenic and antimony is often of priority, while 
sulphate is less hazardous, but concentrations may become highly elevated. Antimony, 
arsenic and sulphate may be mobilised into the environment from mining process 
(Craw, 2004). Sb and As are both identified as pollutants of priority interest by the 
European Union (Council of the European Communities, 1979) and the Environmental 
Protection Agency of the United States (EPA, 1982). Being toxic and carcinogenic, both 
elements are significant hazards for humans, with the full health implications not fully 
understood (Ungureanu et al., 2015). 
 
Arsenic and antimony are often discussed together due to similar chemical properties, 
occurrence in mineralisation and adverse health and environmental effects. Both are 
group 15 elements and exist primarily in the 3+ and 5+ oxidation states. Both are 
common environmental issues in mining and undergo complex post depositional 
transformations when in mine waste (Fawcett and Jamieson, 2011).  
1.3.1 Arsenic  
Source and Occurrence  
Natural waters have a large range in arsenic concentrations, from less than 0.5 µg/L to 
more than 5000 µg/L (Smedley and Kinniburgh, 2001). Most environmental arsenic 
problems are naturally occurring, however industrial uses in pesticide and livestock 
feed, have also caused significant contamination across the globe, and mining has 
mobilised natural arsenic to highly elevated levels in some areas (Ungureanu et al., 
2015).  
 
Arsenic is often enriched in orogenic gold deposits as arsenopyrite. Arsenic can also 
occur in minor amounts (up to 3 wt.%) in pyrite, quartz veins and in the altered host 
rock in orogenic gold areas (Craw et al., 2015, Kerr et al., 2015). In oxidised mine waste, 
the arsenic may be arsenic iron oxides such as scorodite or claudetite, or arsenic 
adsorbed to iron oxyhydroxides.  
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Smedley and Kinniburgh (2001) define two distinct triggers that can lead to the release 
of As on a large scale from adsorption sites on metal oxides. One is the development of 
a high pH (>8.5) in semi-arid or arid environments, the other trigger is the development 
of strongly reducing conditions at circum-neutral pH levels. These conditions could be 
risk factors for mine waste storage, where adsorption onto metal (usually Fe) oxides is 
often relied upon to remove As from solution (Milham and Craw, 2009, Craw and Bowell, 
2014). In orogenic mining, the pH of the waters in tailings facilities is also often circum-
neutral to alkaline (Craw, 2001).  
Concentration guidelines  
Arsenic is carcinogenic in humans, especially in its inorganic forms (WHO, 2003). The 
World Health Organisation defines the arsenic drinking water limit as 10 µg/L. The safe 
upper limit of arsenic consumption has not been confirmed, with the 10 µg limit taking 
into account practical detection limits and treatment goals for naturally high arsenic 
areas (WHO, 2003). Regulations for acceptable surface discharge water concentrations 
from mines vary throughout the world; the relevant authority for this study area, the 
Australian and New Zealand Environment and Conservation Council (ANZECC) define 
arsenic guidelines as displayed in Table 1.1. The lower species protection level (80%) 
may not protect key test species from chronic toxicity (ANZECC, 2000).   
 
Table 1.1: Arsenic concentration default guideline values for As(III) and As(V) for freshwater. From ANZECC 
2000. 
 99% species protection 80% species protection  
As (III) 1 µg/L 306 µg/L 
As (V) 0.8  µg/L 140  µg/L 
 
Speciation and mobility 
Arsenic has two common oxidation states, typically As(V) in oxidised environments, and 
As(III) in reduced. It can also be As(0) or As(-III) but these are much less common 
(Ungureanu et al., 2015). Arsenic can be soluble and mobile across most pH’s from 
extremely acidic to alkaline, and in oxidised and reduced water (Craw and Bowell, 
2014). Generally, reduced As is more mobile (Casoit et al., 2006). Mildly reducing 
 5 
environments, such as saturated mine tailings, may reduce arsenate and increase its 
mobility (Craw and Bowell, 2014). The stability fields for arsenic can be seen in Figure 
1.1. 
 
Figure 1.1: Eh-pH diagram for arsenic stability fields. From Bowell et al. 1993.  
 
As Arsenic has an affinity for adsorbing to iron oxides, the stability of iron oxides is a 
large component affecting the mobility of arsenic in the environment (Craw and Bowell, 
2014).  
Treatment methods 
Solid As sources may be treated to ensure they are in a stable mineralogy in order to 
prevent them from entering solution. Generally, As(V) and Fe(III) bearing compounds 
are considered to be the most suitable forms for arsenic disposal (Riveros et al., 2001). 
Crystalline ferric arsenates such as scorodite are considered one of the best options for 
arsenic disposal due to their stability, being insoluble at most surface conditions 
(Monhemius and Swash, 1999; Riveros et al., 2001) (Table 1.2). Pressure oxidation 
autoclaves in mines often form scorodite as part of the ore treatment process, which can 
assist in arsenic risk reduction. 
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Table 1.2: Long term disposal considerations for common arsenic disposal options. From Monhemius and 
Swash, (1999).   
 
 
Although potentially mobile over a range of surface environments, there are a number 
of attenuation mechanisms for dissolved As (Craw and Bowell, 2014). Co-precipitation 
from waters with high dissolved Fe and As can be a valuable attenuation process. The 
optimal pH for precipitation is about 4-7 (Khoe et al., 1994) and the presence of sulphate 
was shown to decrease the arsenic removal efficiency at low pHs of 3-4 (Riveros et al., 
2001).  
 
Metal oxides as adsorbents for arsenic have been extensively studied (Roddick-
Lanzilotta et al., 2001; Ungureanu et al., 2015). Ferrihydrite, granular ferric hydroxide, 
iron oxides/oxyhydroxides can all provide adsorption sites for dissolved arsenic.  
Roddick-Lanzilotta et al. (2001) found that hydrated Fe oxides were extremely effective 
at adsorbing As, but became saturated when As solution concentrations exceeded 50 
mg/L. Sulphate minerals such as jarosite have also shown ability to adsorb arsenic, 
where arsenic substitutes for sulphate molecules (Craw and Bowell, 2014). Leaching 
studies for a range of conditions form an important component of treatment method 
assessment, as adsorption sites of As and Sb can become unstable in certain 
circumstances (Ungureanu et al., 2015).  
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1.2.2 Antimony 
Source and occurrence 
Antimony (Sb) is a toxic metalloid similar to arsenic. Like arsenic it is a group XV 
element and has Sb(III) and Sb(V) oxidation states, with Sb(0) and Sb(-III) possible but 
less common, and can behave in a similar way to As in the environment. However Sb is 
considered less mobile as it more readily forms solid oxides at surficial conditions 
(Craw, 2004). Sb is less predominant in the crust than arsenic, occurring at an average 
of 0.2-0.5 ppm compared to Arsenic at 1.5-2.1 ppm. However, antimony concentration 
is often elevated in mineralised deposits, which are the main source of antimony 
released into the environment (Craw, 2004). In mesothermal gold deposits antimony 
typically occurs as Stibnite (Sb2S3), an antimony sulphide (Ashley et al., 2003; Craw, 
2004). Some gold deposits which have had associated stibnite include Hillgrove in New 
South Wales, Reefton on the West coast of South Island New Zealand (Ashley et al., 
2003), Wiluna in Western Australia  (Hagemann and Lunders, 2003), and Cordillera in 
Canada (Nesbit et al., 1986). 
Environmental guidelines 
Like As, Sb is highly toxic, with WHO recommending that Sb not exceed 5 ug/L (WHO, 
1996). The ANZECC default value guidelines for antimony in fresh water is 9 ug/L, 
however this is defined with unknown reliability and species protection level (ANZECC, 
2000). The speciation toxicity of antimony has also not been well established. Fiella et 
al., (2009) stated that while many researchers claim that Sb(III) is more toxic than Sb(V), 
this has not been convincingly substantiated by toxicological experiments. 
Speciation and mobility 
While the behaviour of the more common arsenic in gold mine processing systems is 
well understood, Sb has more limited information (Milham and Craw, 2009, Fiella et al., 
2009 Leverett et al., 2012, Richie, 2013). Stibnite weathers to various antimony oxides 
including valentinite, senarmonite and stibiconite in humid to semi-arid surface 
conditions (Ashley et al., 2003). The speciation mechanics of antimony in solution are 
thought to be similar to that of arsenic, however they are much more poorly constrained. 
Fiella et al., (2002) demonstrated that aqueous antimony doesn’t respond as 
thermodynamically predicted, with significant amounts of Sb(III) in oxic waters, and 
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Sb(V) in anoxic water. Vink (1996) found that SbO3- was stable over a large field, shown 
in the Eh-pH diagram in Figure 1.2 This accounts for the high mobility of antimony in 
oxidising conditions.  
 
 
Figure 1.2: Eh/pH stability diagrams for Sb from Vink (1996). Diagram shows the Sb-S-O-H system. Diagram b 
shows the system Sb-O-H-S.  
 
Some studies have shown that antimony is generally less mobile than arsenic in the 
environment (Jamieson et al., 2017). However, Ashely et al. (2003) found that antimony 
concentrations from a mine with concentrations up to 55 mg/L remained above 
drinking water guidelines by at least two orders of magnitude 20 km downstream. 
Casiot et al. (2006) showed that Sb released more efficiently into solution than As in oxic 
conditions, however in anoxic conditions As was more mobile than Sb.  
Antimony treatment methods.  
Treatment methods for removing antimony from water have been significantly less 
studied than those for removing arsenic (Ungureanu et al., 2015). Multani et al. (2017) 
found that through thermal treatment Sb material could be precipitated as tripuhyite, 
which performed best under leachability tests, releasing only 0.5 mg/L of Sb compared 
A) B) 
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to untreated precipitate which released 100-170 mg/L. The conditions of thermal 
treatment were similar to a pressure oxidation autoclave, roasting at around 200°C at a 
pH of 1. Roasting Sb rich ore to precipitate tripuhyite appears to offer a viable option for 
preventing Sb waste reaching streams.  
 
Antimony, like arsenic can adsorb onto Fe oxyhydroxides (Guo et al. 2014), so running 
high Sb water through an area of high Fe oxyhydroxides such as an oxidised tailings pile 
can reduce dissolved antimony concentrations (Milham and Craw, 2009).  
 
1.2.3 Sulphate 
Source and occurrence  
High sulphate concentrations are often an issue in neutral mine drainage from mine 
waste containing sulphides (Heikkinen et al., 2008). So much so that elevated sulphate 
is considered an inevitable feature of orogenic mine discharge waters (Craw et al., 
2015). As sulphate is not considered very toxic, it tends to be a low priority for treatment 
and prevention until concentrations become highly elevated.   
Environmental guidelines 
The World Health Organisation has not given a health-based guideline for sulphate in 
drinking water. However, it notes there is likely to be a noticeable unfavourable taste in 
drinking water above 500 mg/L (WHO, 2004). Most environmental guidelines do not 
consider sulphate a priority contaminant, but some studies have found that particular 
waterway ecosystems may have a low tolerance for sulphate (Zhao et al., 2017). 
Speciation and mobility 
Sulphate is highly mobile and stable over most surface conditions except low pH, 
reduced conditions (Figure 1.3). 
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Figure 1.3: Eh-pH diagram for part of the system S-O-H. From Brookins, 2012.  
Sulphate treatment methods 
Multiple management strategies for sulphate reduction can be employed. Often sulphate 
reduction involves bacteria in some form of bioreactor. This utilises the metabolism of 
sulphate reducing bacteria by the reaction [4]: 
 
[4] 2CH2O + SO4 -> H2S + 2HCO3- 
 
Sulphate reducing bioreactors and wetlands have been an increasing field of research 
over the past 30 years, with many different styles of treatment tested. Neculita et al. 
(2007) demonstrated that sulphate reducing bioreactors can reduce concentrations of 
metals and sulphate in acidic solution. A key benefit of biological sulphate reduction 
through wetlands  and bioreactors is that they will remove both metal and sulphate from 
solution (Bowell, 2004). 
 
Instigating sulphate removal through precipitation of sulphate minerals can also be 
used to treat high sulphate water. In high concentrations in mine waste waters, sulphate 
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precipitates into a range of minerals, including jarosite, schwetmannite and goethite 
from Fe(III)-sulphate solutions (Majzlan and Myneni, 2005). For neutral mine drainage 
with Fe(III) present, at pH > 6, ferrihydrite or goethite with adsorbed sulphate tend to 
form (Majzlan and Myneni, 2005). In solutions with high calcium and sulphate, such as 
where mine drainage interacts with carbonic rocks, gypsum can precipitate (Concas et 
al., 2006). Evaporitic sulphate minerals may precipitate from surface waters where the 
dissolved sulphur load is sufficiently high (Tostevin et al., 2016). 
 
1.3 Orogenic mining processes and the environment 
Mining waste storage has the potential to release significant dissolved loads into the 
environment, even long after the mine has stopped operating (Jamison et al., 2015). The 
main process which controls whether potentially toxic elements are released into the 
environment from mine waste is mineral-water interactions. 
 
Orogenic gold mines are often low to medium grade, and mined in pits, which produces 
significant amounts of waste product.  Non-ore zone material (overburden) is broken 
up and placed in waste rock piles, while the ore zone is crushed and processed through 
sulphide flotation. The excess (80-99 %) is sent to a tailings impoundment, while the 
concentrate (1-20 %) is moved to further processing for gold extraction, which may 
involve a pressure oxidation autoclave, cyanidation and smelting (Dold et al., 2010). 
1.3.1 Autoclave processing 
Using a pressure oxidation autoclave as part of the gold extraction process can increase 
gold recovery when the gold is hosted in a sulphide matrix, either chemically bonded or 
as nano-size grains (Chen et al., 2002, Fleming et al., 2010). A pressure oxidation 
autoclave rapidly oxidises sulphide minerals to improve gold recovery in later 
cyanidation (Craw, 2006). Processing in an autoclave significantly changes the chemical 
properties of the ore, with total breakdown of sulphide components, re-precipitating as 
generally oxidised secondary materials. The ‘minerals’ formed in this process are not 
technically minerals due to their anthropogenic origin, however are often referred to as 
minerals in the literature for simplicity (Jamieson et al., 2015), and will be referred to 
as minerals herein. The mineralogical characteristics of autoclave residues dictate the 
appropriate waste management and disposal options (Paktunc et al., 2013, Jamieson et 
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al. 2015). Generally, the leftover material from the autoclave is disposed of in the tailings 
pile along with other processing remnants. If the processing material has high As 
contents and leaching risk, it may require further treatment or separate, sealed disposal 
(Riveros et al., 2001; Paktunc et al., 2013) 
 
The temperature conditions of the autoclave, and the content of the ore are both key 
factors influencing the mineralogy of the waste produced from the autoclave. Ideally, 
from an environmental perspective, the autoclave will precipitate stable minerals with 
low solubility at surface conditions. For iron products, hematite is generally desired for 
environmental and metallurgical reasons, but jarosite and basic iron sulphate is also 
often formed (Fleming, 2010).  The conditions in the autoclave can influence which iron 
product is formed, with Fleming (2010) finding that autoclave conditions between 160 
and 200 degrees and with higher acidity had greater tendency to form basic iron 
sulphate, which is not very stable in the wider environment. Autoclave treatment of 
arsenopyrite generally leads to Fe-oxides with incorporated arsenic, Fe-arsenates and 
Fe-S arsenates (Riveros et al., 2001; Craw, 2006). Ferric arsenates such as scorodite are 
generally desired for future environmental stability due to low solubilities (Riveros et 
al., 2001). For antimony the desired product is tripuhyite, which is highly insoluble at 
surface conditions (Kossoff et al., 2015). Other minerals which may form in the 
autoclave such as alunite (KAl3(SO4)2(OH)6) can generate acids if hydrous oxides are 
formed (Plumlee, 1999).  
1.3.2 Waste storage 
Waste storage involves all material which is not exported off site as a commodity. 
Orogenic gold deposits, particularly low-grade deposits mined in pits, produce very 
large amounts of waste. Waste products are generally either broken up waste rock from 
the non-ore rock or crushed tailings. Usually, these are stored separately, in waste rock 
piles and tailings compounds.  
 
Tailings storage  
Tailings piles can be a source of environmental issues due to the presence of arsenic and 
other heavy metals, which can be mobilised resulting in downstream pollution (Bowell 
et al. 1994, Smedley et al., 1996). The fine grain size and higher proportion of reactive 
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metals in tailings means the chemical reactivity of tailings are often greater than that of 
the original rock (Craw and Nelson, 2000). A key goal for tailings facility is to ensure 
minimal permeability and limited mobility of heavy metals (Craw et al. 1999). During 
burial of tailings, arsenic can become sorbed to hydrated iron oxides, and the nature of 
this process and other types of adsorption effectively determines the mobility of arsenic 
(Azcue et al., 1995, Craw, 2003, Desbarates et al., 2015).  
 
Material in tailings storage can be heavily altered physically and chemically from the 
original host rock. Generally, the material has been extensively crushed, with 
mineralogical changes from processing activities such as pressure-oxidation autoclave 
treatment (Jamieson et al., 2015). Secondary mineralisation with precipitation of high 
dissolved load waters going through the tailings can also alter mineralogy through co-
precipitation and adsorption (Craw and Pope, 2017).  
Waste rock piles 
Waste rock piles consist of all the material that was too low in commodity concentration 
to process. In pit mining, this rock is typically broken up with dynamite and stored in 
waste rock piles until mining of the pit is complete. In orogenic mining the waste rock 
piles normally have a much lower concentration of sulphides than the ore rock, which 
is stored in tailings. However significant sulphides may still be present in the host rock. 
Hakkou et al. (2008) found that the oxidised zone in waste rock piles reached 75 cm, 
compared to the tailings at the same site, which had an oxidised zone of 5-15  cm. Due 
to the tendency of fractures to form on sulphide rich faces, and the more permeable 
structure of waste rock piles, they may release significant amounts of sulphide 
weathering products such as sulphate (Craw and Pope, 2017).  
 
1.4 Study site: Macraes gold mine 
The selected study area is Macraes gold mine, located in central Otago. The mine has 
been operating for ~ 30 years, mining gold from faulted schist rock. Due to the presence 
of calcite (2-10%) in the host rock, typical acidity issues which can occur when mining 
sulphite rich material are negated at Macraes (Craw and Pope, 2017), however the 
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waste material is high in arsenic and high levels of aqueous sulphate have been 
identified in waterways around the mine.  
1.4.1 Mine setting 
The Macraes deposit is in the Otago Schist, which is a Mesozoic schist from 
quartzofeldspathic sandstone and argillaous metasediments. The schist has a 
mineralogy of quartz, albite, muscovite and chlorite with accessory epidote and titanite 
(Craw, 2002). The Macraes mine is in a late metamorphic auriferous shear zone within 
the metamorphic basement rocks. The mineralization originally occurred in the brittle-
ductile transition zone at about 300°C, creating a 120 m thick hydrothermally altered 
zone (Craw, 2002). The zone is enriched in sulphides, primarily pyrite and arsenopyrite 
(Craw, 2000; Craw and Rufaut, 2017). Antimony concentrations in the rock at Macraes 
are low, Craw (2002) found that there was a general increase of Sb with As 
concentration, but all Sb concentrations were below 70 ppm, while the background 
concentration was 2 ppm. The mineralized zone is also enriched in tungsten from 
scheelite (CaWO4).  
 
A key difference between environmental issues at Macraes and other sulfide bearing 
gold mines throughout the world is that AMD doesn’t occur at Macraes. This is due to 
the presence of calcite and chlorite in the host rock neutralizing the sulfuric acid 
produced by the breakdown of sulfides. Whether AMD will occur depends on the ratio 
of acid neutralizing capacity (ANC) in the rock to the maximum potential acid generating 
capacity (MPA). If mines have an ANC/MPA > 1 they should be able to prevent acid mine 
drainage (Craw, 2000). However, the reactions will generally still occur slowly at ratios 
of up to 3. In the Macraes area, ratios have been measured to be ~ 10, with calcite and 
chlorite being the significant contributors to ANC (Craw, 2000).  
 
Due to the rain shadow of the mountains on the alpine fault, the Macraes flat area 
receives lower rainfall than most of New Zealand, at 600 mm/year. Dry winds also 
create surface potential evapotranspiration exceeding 700 mm/year (Haffert et al., 
2010). The drier environment is a significant factor, as higher rainfall can in provide 
higher mobilization of the hazardous materials in mine waste, but can also dilute the 
waters to lower dissolved concentrations (Craw et al., 2004). 
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1.4.2 Mine history and facilities 
The Macraes ore typically has 1% sulfides in the form of pyrite and arsenopyrite which 
contain encapsulated gold at a grade of approximately 1.6 g/tonne (Milham and Craw, 
2009). Macraes has a complex mining history, involving multiple open pit mines and 
underground mining since opening in 1989. In association with this, there are now two 
tailings impoundments and five waste rock piles (Craw and Pope, 2017) (Figure 1.4). 
Most of the stream beds immediately adjacent to waste storage have engineered silt 
collection ponds in the stream beds to capture suspended solids (Craw and Pope, 2017). 
Extensive analysis of ground water and downstream surface waters has occurred since 
1990 (Craw and Pope, 2017).  
 
 
Figure 1.4: Map of the south end of the Macraes gold mine site, adapted from Craw and Pope (2017).  
 
The Macraes site has extensive processing facilities, with the tailings and waste also 
stored on site. All ore rock is crushed to sand and processed through sulphide flotation. 
The non-sulphide portion of the crushed schist rock is deposited in the tailings, while 
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the sulphide concentrate is crushed again to ~15 µm before oxidation in the pressure-
oxidation autoclave. After oxidation, the gold is separated by carbon-in-pulp 
cyanidation. The gold refining process and storage has seen some alteration over time, 
with the flotation tailings stored separately to the concentrate until 1993, to mixed 
concentrate and float material from 1993-1999 and mixed float material and autoclave 
tailings after the introduction of the autoclave in 1999 (Craw, 2006; Craw and Bowell, 
2014).  
Autoclave at Macraes 
Since 1999, a pressure-oxidation autoclave has been used as part of the onsite refining 
process at Macraes gold mine, functioning to rapidly oxidise the sulphide ore through 
high temperature and exposure to high-pressure oxygen gas (Craw, 2006). This 
oxidation treatment creates greater gold recovery in later processing through 
cyanidation (Johnston et al., 2015). Scales (residue left behind in the autoclave) are often 
associated with high levels of oxidised arsenic, sulphur and iron in various unusual 
minerals. Scale samples provide insight into the geochemical processes that occur 
through the autoclave during oxidation (Craw, 2006; Kerr et al., 2015). The mineralogy 
of the autoclave scales also provides information on potential environmental issues 
related to later waste storage in the tailings (Craw, 2003).  The scales are progressively 
oxidised through the autoclave. Iron tends to form ferrous minerals in the first two 
compartments and ferric minerals by the third compartment. Arsenic tends to be 
oxidised in the first compartment onwards (Kerr et al., 2014). XRD analysis of the scales 
is undertaken four times a year for feedback on the oxidation in the autoclave. Further 
analysis would help identify changes in chemistry through the autoclave and assess 
secondary and amorphous phases of the autoclave output.  
Reefton ore processing 
Between mid-2007 and mid-2016, the Macraes gold processing plant processed ore 
from both the onsite Macraes gold mine and concentrate from the Globe Progress mine 
in Reefton on the West coast of South Island New Zealand (Figure 1.5). The Reefton ore 
had significantly higher sulphides, including 4% stibnite (Sb2S3) in addition to pyrite 
and arsenopyrite (Milham and Craw, 2009).  In comparison the Macraes ore has 
negligible Sb and lower overall sulphide concentration.  
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Water draining from the historic mine tunnels at Reefton had elevated Sb 
concentrations of up to 76 μg/L (Ashley et al., 2006). While Sb can be quite mobile in the 
environment (Vink, 1996), increased Sb levels have not been observed in waters at 
Macraes in relation to the processing of the Reefton ore. The mineral that Sb formed in 
the autoclave at Macraes has not yet been identified, so this project aims to identify the 
mineralogy of Sb in the autoclave. 
 
 
Figure 1.5: A map showing the location of the Globe Progress gold mine in Reefton in relation to Macraes mine. 
From Milham and Craw (2009).  
 
Tailings at Macraes 
Over the mine life, multiple tailings facilities have been created (Figure 1.4). The Mixed 
Tailings Facility (MTF) at Macraes was active for 23 years before it was decommissioned 
in 2013 (Craw and Pope, 2017). Over this time multiple methods of tailings mixing and 
storage were used (Figure 1.6). From 1990-93, just the flotation tailings, or crushed 
schist without sulphides was stored in the mixed tailings facility. From 1993-99 
flotation tailings were stored mixed with the sulphide concentrate. After the pressure 
oxidation autoclave was introduced in 1999, the flotation tailings were mixed with 
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Figure 1.6: Schematic diagram of the mixed tailings facility at Macraes. Each layer shows a key change in the 
storage methods over time.  
 
Tailings storage facilities at Macraes present environmental risk which requires 
management to ensure hazardous material does not enter the environment. 
Characterisation of the tailings, particularly the geochemistry of the arsenic bearing 
phases is important for future management.  
 
1.4.3 Site significance  
 Macraes gold mine is primarily surrounded by farmland. The Otago Regional Council 
(ORC) has compliance points around the mine where mine waters cannot exceed 
specified elevated concentrations. The mine is placed near the headwaters of numerous 
natural waterways including the Waikouaiti River and Deepdell Creek. Surrounding 
waterways support populations of the threatened Taieri flathead galaxias (Galaxias 
depressiceps), longfin eel (Anguilla dieffenbachii) and the indigenous flora.  
  
1.4.4 Current issues 
The most environmentally significant element associated with mine waters at Macraes 
is dissolved As, which can be between 1000 and 10 000 mg/L in the processing system 
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(Craw and Pope, 2017).  These high concentrations are attenuated through the tailings 
complex and downstream water percolation, decreasing dissolved concentrations to 
<0.01 mg/L. This process is likely driven by adsorption of As on ferric oxyhydroxides in 
the tailings. Understanding this process and the stability of the adsorbed material is key 
to understanding the long-term implications of As storage. 
 
Elevated levels of aqueous sulphate have been identified in waterways associated with 
tailings and waste rock piles at Macraes. OceanaGold is assessing treatment options to 
elevated sulphates levels as sulphate concentrations have been increasing to the point 
where they are now exceeding compliance. Currently the only established mechanism 
in place for lowering sulphate concentration in waters on site is dilution.  The semiarid 
environment of Macraes means water for processing is transported from elsewhere, and 
the ability to dilute high sulphate water in low rainfall periods is limited.  
 
1.5 Research aims 
This research will cover four stages of mine waste in an active mine: processing through 
pressure-oxidation of sulphides, storage in tailings facilities, water-rock interactions in 
waste rock piles and management of high sulphate water from waste rock piles. The 
research aims to increase our understanding of the geochemistry of arsenic and 
antimony in tailings, the production of dissolved load from waste rock stacks and if this 
can be attenuated through irrigation.  
1.5.1 Thesis outline 
Chapter 1: Introduction 
This chapter assess the environmental issues of orogenic gold mines, particularly 
arsenic, antimony and sulphate in neutral mine drainage and provides background on 
processing methods, waste storage and issues at Macraes gold mine.  
Chapter 2: Methods 
Outlines the analytical methods used in this study, including handheld XRF, XRD, SEM 
and ICP-MS.  
 20 
Chapter 3: Autoclave scale mineralogy 
The geochemistry and mineralogy of scales that form in the pressure-oxidation 
autoclave at Macraes are investigated. The mineralogy of arsenic and antimony is of key 
focus to assess their stability in waste material from the autoclave. 
Chapter 4: Tailings geochemistry and mineralogy 
Tailings samples from different depths of a tailings storage facility are characterised to 
assess how different processing methods and time in storage have affected the 
mineralogy of the tailings.  
Chapter 5: Water rock interactions in the waste rock and tailings  
The influence of water-rock interactions in waste rock and tailings on the environmental 
water chemistry is assessed through analysis of long-term water quality data sets. 
Tailings and waste-rock influenced waters are compared to find markers to identify if 
water is influenced by tailings or waste-rock.  
Chapter 6: Management methods for high sulphate waters 
This chapter investigates if precipitation of a sulphate mineral can be initiated from 
irrigation with high sulphate, waste-rock influenced water. Precipitates currently 
forming in waterways are assessed, a laboratory irrigation experiment is performed, 
and geochemical modelling quantifies how waste-rock and tailings influenced waters 
may respond to irrigation.  
Chapter 7: Conclusions 




Chapter 2  
Analytical methods 
2.1 Field portable X-ray fluorescence (fp-XRF) 
An Olympus Innov-x Omega field portable X-ray Fluorescence Spectrometer (fp-XRF) 
was used to characterise the stored pressure-oxidation autoclave scale samples. 251 
samples were analysed with fp-XRF from the autoclave dated between 2013 and 2018. 
Samples were crushed before measurement for homogenisation of the heterogeneous 
material. 
 
The setting used on the fp-XRF was geochem(2). Samples were crushed and laid flat in 
plastic sample bags.  On the rare occasion fresh samples coming in for analysis were wet, 
they were dried for 3 days at 25 degrees before analysis as wet or moist samples can 
interfere with accurate readings (Haffert and Craw, 2009; Malloch, 2014). 
Element interference 
Spectral interference can occur with some elements. The Pb Lα line can interfere with 
the As Kα, when Pb values exceed As by greater than 10 times (Kalnicky and Singhvi, 
2001). Both these elements are present in some samples assessed in this project, 
however in no case has the Pb value exceeded the As concentration by 10 times or 
greater.  
Element detection limits 
The fp-XRF has defined detection limits for each element. Mg is the lightest element it 
can detect and has a detection limit of 3000 ppm (Olympus, 2017). In practise it does 
not seem able to detect below 5000 ppm, with large errors (~1000 ppm) at measured 
concentrations 5000 -10 000 PPM. Heavier elements from Mg have decreasing detection 
limits from 400 PPM to 5 PPM for Mn onwards (Olympus, 2017).  
 22 
2.2 X-ray diffraction (XRD) 
All samples from the autoclave have been analysed with bulk X-ray diffraction (XRD) 
over several years, using Cu Kα radiation with a PANalytical X’Pert Pro MPD 
PW3040/60 instrument housed in the Geology Department, University of Otago. The 
resultant diffractograms were analysed using PANalytical High Score software.  
 
The XRD analysis of the autoclave material was undertaken externally to this project but 
was referred to as a point of reference for expected mineralogies and linking what was 
seen in the SEM to a wider group of samples. XRD was used to identify tailings minerals 
and precipitates forming in waterways at Macraes.  
2.3 Scanning Electron Microscope (SEM) 
An Emitech K575X Peltier-cooled high-resolution sputter coater fitted with an Emitech 
250X carbon coater was used to carbon coat the samples to 10 µm thickness before 
analysis with SEM. The Zeiss Sigma VP FEG SEM, JEOL FE-SEM6700, scanning electron 
microscope (SEM) at the Otago Centre for Electron Microscopy (University of Otago) 
was used for SEM analysis. The SEM has energy-dispersive x-ray spectroscopy (EDS) 
capability, with a detection limit of ~0.5 wt.%. Backscatter electron imaging was used 
in conjunction with spot probe analysis, element maps and line profiles using EDS. The 
SEM EDS beam is about 1 µm, and therefore cannot single out smaller grains or areas.  
 
2.4 ICP-MS water analysis 
Water samples from the field and experiments were analysed with ICP-MS at the Centre 
for Trace Element Analysis in the Department of Chemistry, University of Otago. 
Samples were filtered using a 0.45 μm filter and acidified with nitric acid. Elements were 
analysed by the Agilent 7900 ICP-MS for Na, Mg, Si, S, K, Ca, Mn and As.  
 
Table 2.1: Detection limits reported with the Agilent 7900 ICP-MS for samples not requiring dilution 
 Na Mg Si S K Ca Mn As 
Detection limit 
(μg/mL) 





Chapter 3 : Geochemistry and mineralogy of 
autoclave scales 
3.1 Introduction 
At Macraes gold mine, Otago, a pressure oxidation autoclave is used in the processing of 
the gold ore to rapidly oxidise sulphides for increased gold recovery (Craw, 2006). The 
use of the autoclave in the ore processing causes the geochemistry and mineralogy of 
the material stored in the tailings dams to be very different from the original rock, 
possibly requiring different treatment and storage (Paktunc et al., 2013, Jamieson et al. 
2015). It is therefore important to understand what minerals precipitate through the 
oxidation, dissolution and reprecipitation processes of the autoclave. 
 
The temperature conditions of the autoclave and the ore content are both key factors 
influencing the mineralogy of the waste produced from the autoclave. Ideally, from an 
environmental perspective, the autoclave will precipitate stable minerals with low 
solubility at surface conditions. For iron products, hematite is generally desired for 
environmental and metallurgical reasons (Fleming, 2010).  The conditions in the 
autoclave can influence which iron product is formed, with Fleming (2010) finding that 
autoclave conditions between 160 and 200 degrees and with higher acidity had greater 
tendency to form basic iron sulphate, which is not very stable in the wider environment. 
Autoclave treatment of arsenopyrite generally leads to Fe-oxides with incorporated 
arsenic, Fe-arsenates and Fe-S arsenates (Riveros et al., 2001; Craw, 2006). Ferric 
arsenates such as scorodite are generally desired for future environmental stability due 
to low solubilities (Riveros et al., 2001). For antimony, the desired product is tripuhyite, 
which is highly insoluble at surface conditions (Kossoff et al., 2015). Other minerals 
which may form in the autoclave such as alunite (KAl3(SO4)2(OH)6) can generate acids 
during weathering if hydrous oxides are formed (Plumlee, 1999).  
 
Samples of scale that form in the autoclave at Macraes gold mine, Otago are sent to the 
University of Otago from quarterly cleans of the machine. This has provided 
approximately 18 samples from throughout the autoclave every three months since 
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2015, with some samples available from 2013.  With different ore properties and 
processing methods, the geochemistry of the material in the autoclave has changed over 
time. This study uses handheld-X-Ray Fluorescence (XRF) to measure the chemistry of 
the autoclave samples collected from 2013 – 2019 to assess how the scales have 
changed over time and location through the autoclave.  This is compared with X-Ray 
diffraction (XRD) data and assessments of select samples with scanning electron 
microscope energy-dispersive X-ray spectroscopy (SEM-EDS) analysis to assess what 
minerals form in the autoclave and how they relate to one another. Of particular focus 
is what mineral is formed by antimony (Sb) in the autoclave, as this has not previously 
been studied at Macraes.  
3.2 Background 
3.2.1 Macraes and Reefton ore 
Macraes ore processing 
Gold mineralisation at Macraes occurs in the pyrite (FeS2) and arsenopyrite (AsFeS) in 
the mineralised zone. All ore rock is crushed to sand sulphide flotation. The non-
sulphide portion of crushed schist rock is deposited in the tailings, while the sulphide 
concentrate (~15% sulphides) is crushed again to ~15 µm before oxidation in the 
pressure-oxidation autoclave. Ore concentrate slurry is run through the autoclave at 
225°C and with oxygen gas pressurised to 3,800 kPa. The oxidation process is strongly 
acidifying, and the slurry has a pH below 2. After oxidation, the gold is separated by 
carbon-in-pulp cyanidation (Craw, 2006).  
 
Once Reefton ore stopped being processed mid-2016, residence time was increased for 
the ore in the autoclave, producing more complete oxidation (Per comm. Tom Snow). 
This change has been associated with a slightly higher pH in the decant pond and lower 
concentrations of dissolved sulphur and iron in processing waters.  
Reefton ore processing 
Between mid-2007 and mid-2016, the Macraes gold processing plant processed ore 
from both the onsite Macraes gold mine and concentrate from the Globe Progress mine 
in Reefton on the West coast of South Island New Zealand (Figure 1.5). The Reefton ore 
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had significantly higher sulphides, including 4% stibnite (Sb2S3) in addition to higher 
concentrations of pyrite and arsenopyrite (Milham and Craw, 2009).  In comparison, the 
Macraes ore has negligible antimony (Sb) and lower overall sulphide concentration.  
 
Figure 3.1: A map showing the location of the Globe Progress gold mine in Reefton in relation to Macraes mine. 
From Milham and Craw (2009).  
 
Water draining from the historic mine tunnels at Reefton had elevated Sb 
concentrations of up to 76 μg/L (Ashley et al., 2006). While Sb can be quite mobile in the 
environment (Vink, 1996), increased Sb levels have not been observed in waters at 
Macraes in relation to the processing of the Reefton ore. Kerr et al. (2015b) performed 
experimental leaching on the ore, with weekly wetting and drying for a year. They found 
that the stibnite ore yielded up to 12 mg/L dissolved Sb and dissolved As levels generally 
below 3 mg/L. Milham and Craw (2009) suggested that the available ferric 
oxyhydroxide (FeO(OH)) in the Macraes tailings complex is probably adequate to 
extract any extra Sb mobilized from processing of Reefton concentrate. Alternatively, 
the Sb may have been transformed to an insoluble mineral during oxidation of the 
sulphides in the Macraes mine pressure oxidation autoclave. The antimony mineral 
tripuhyite (FeSbO4) is insoluble at low temperatures (Kossoff et al., 2015) and is an 
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antimony analogue of iron arsenate minerals such as scorodite (FeAsO4.2H2O), which 
are common in the Macraes autoclave (Craw, 2006).  In similar autoclave conditions 
(200°C, pH 1) tripuhyite has been synthesised and was highly insoluble under leaching 
tests (Multani et al. 2017). Due to tripuhyite being highly insoluble at low temperatures, 
it would prevent the Sb going into solution in the environment (Kossoff et al., 2015).  
 
Process waters from tailings dams at Macraes and Reefton sites measured between 
2007-2015 showed distinct signatures in their As:Sb ratios (Figure 3.2). All the Reefton 
site samples showed higher Sb concentrations than the Macraes process waters. 
Elevated Sb has not been recorded in the Macraes waters as a result of the processing of 
the Reefton ore. These data suggest that the Sb has undergone a mineralogical change 
at Macraes to a less soluble mineral form and has been immobilised in the tailings. 
 
 
Figure 3.2: Water concentrations of Sb and As in Reefton and Macraes waters from 2007-2015. Over this time 
Reefton concentrate was also processed at Macraes for gold extraction, but concentrations of Sb remained 
lower than at the Reefton site. From Weightman et al. (2018), data expanded from Milham and Craw (2009).  
 
Minerals in the autoclave 
Scales form along the autoclave during this process and are cleaned out four times per 


















Otago. Various sets of samples provided from this cleaning are available from 2013 to 
the present. Figure 3.3, below, displays the compartments, with labels indicating typical 
mineralogy and oxidation states of the scales. 
 
Figure 3.3: Diagram of autoclave geometry displaying 3 compartments, adapted from Craw 2006. The main 
minerals and oxidation states of key elements through the autoclave based on XRD data in bold. 
 
The scales left on the surfaces of the autoclave are mostly minerals with high levels of 
arsenic, sulphur and iron. In the first and second compartments the autoclave scales 
form alternating layers with fluctuating conditions in the autoclave, but by the third 
compartment most material is fully oxidised. Generally, by the time the scales are 
examined in the laboratory at room temperature, many of the minerals are hydrated, 
and at least some of this hydration has occurred after extraction and cooling of the 
samples. For example, some anhydrite (CaSO4) has become gypsum (CaSO42H2O) and 
some of the iron arsenate (FeAsO4) has become scorodite (FeAsO42H2O). To better 
reflect the environment in the autoclave, the minerals will be referred to herein by their 
unhydrated states. Minerals which have been observed in the routine XRD analysis of 
the scales are in Table 3.1. Most are oxidised or partially oxidised precipitates from the 
ore, but anglesite (PbSO4) is not derived from the ore as neither Macraes nor Reefton 
ore contain Pb. Typically compartment 1A and 1B is primarily iron sulphates 
(szomolnokite and rozenite), calcium sulphates and iron arsenate, while compartments 
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2 and 3 are primarily jarosite, hematite and iron arsenate by XRD analysis (Kerr, 
unpublished data).  
 
Table 3.1: Typical minerals observed in the scales from the autoclave at Macraes and their formulas.  
Mineral Formula 





Butlerite Fe3+[SO4]OH 2H2O 
Calcium sulphates  
Anhydrite CaSO4 
Gypsum CaSO42H2O 
K (Al/Fe) sulphates  
Alunite KAl3(SO4)2(OH)6 
Jarosite KFe3+3(OH)6(SO4)2 
Metal (Fe, As, Sb) oxides   
Hematite Fe2O3 
Ferrihydrite (Fe3+)2O3H2O 
Iron arsenate AsFeO4 
Scorodite FeAsO42H2O 
Claudetite As2O3 
Sainfeldite Ca5(AsO4)2(AsO3OH)2 · 4H2O 
Tripuhyite FeSbO4 
Valentinite Sb2O3 





3.2.1 Sample analysis  
Sample collection  
Samples of the scales are taken from specific points along the autoclave, covering all 
three compartments. Sample locations are in Table 3.2.  
 
Table 3.2: Positions of sample locations in the pressure oxidation autoclave for the quarterly sampling. Site 14 
is not typically taken. 
Compartment  Site no. Site description 
1A  1 AG 353, 800 mm above impeller hub 
  2 AG 353, impeller blades 
  3 BOC side baffle 
  4 Plant side baffle 
  5 AG 353 Sparge tip 
1B  6 AG 354, 800 mm above impeller hub 
  7 AG 354, impeller blades 
  8 BOC side baffle  
  9 Plant side baffle 
  10 “Letterbox” 
2  11 AG 355, impeller blades 
  12 BOC side baffle 
  13 Plant side baffle 
3  15 Comp 2/3 wall baffle 
  16 AG 356, impeller blades 
  17 BOC side baffle 
  18  Plant side baffle 




The samples of the scales from the quarterly cleaning of the autoclave are routinely sent 
to the University of Otago for XRD analysis. The samples are crushed and pressed before 
analysis. XRD was performed by Kerr (2017-2019 unpublished data).  
XRF 
Available crushed samples from 2013 – 2019 have been analysed with handheld XRF. 
The setting used on the handheld XRF was geochem(2). Samples were crushed and laid 
flat in plastic sample bags.  On the rare occasion fresh samples coming in for analysis 
were wet, they were dried for 3 days at 25 degrees before analysis as wet or moist 
samples can interfere with accurate readings (Haffert and Craw, 2009; Malloch, 2014). 
SEM 
Samples from compartment 1A, 1B and 2 were selected for analysis with a scanning 
electron microscope (SEM). Sample chips of larger size (~1 cm) and those with visible 
layering or variation were preferred. The samples were polished in resin briquettes and 
carbon coated for analysis with SEM-EDS. 
 
A sample from compartment 1A, February 2016 was selected for analysis to assess the 
nature of Sb and Pb minerals. This sample was selected due to a high reading of Sb (30 
280 ppm) from handheld XRF analysis.  
 
Table 3.3: Autoclave samples analysed with the SEM. 
Compartment Site  Date Preparation 
1A 3 August 2017 Resin briquette 
1B 8 November 2017 Resin briquette 
2 12 November 2017 Resin briquette 
1A 3 February 2016 Polished chip and resin briquette 
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3.3 Results 
3.3.1 Geochemical trends 
Temporal trends 
The handheld XRF data shows that most elements from the autoclave material maintain 
fairly consistent concentrations over time. Each date was analysed site 1-12, with the 
time series displayed below. Typically, there is variety in element concentrations 
through different points in the autoclave for each set of samples, hence the large range 
at each date point (Figure 3.4). The most abundant elements by XRF analysis on average 
were Fe (average 21%), As (average 5.6%), S (average 4.1%), Ca (average 1.7%), K 
(average 1.2%), Si (average 0.6%).  Most of the excess was LE, light elements such as 
hydrogen and oxygen unable to be identified by the XRF, at an average of 61%. 
 
While Fe, As, Mg, S and Ca did not display strong trends or significant anomalies over 
time, some elements have shown substantial change. Antimony displayed a clear change 
in concentration in autoclave material over time, with a distinct decrease in 
concentration in 2016. Lead (Pb) also showed a sudden decrease in concentration in 


































Figure 3.4: Concentrations of elements iron, arsenic, calcium, sulphur, and lead and antimony in the autoclave 
scales between 2013 – 2018. Measured on crushed samples by handheld XRF in 2018 and 2019. 
3.3.2 Spatial trends 
The geochemistry and mineralogy of the scales changes through the autoclave with the 
progressive oxidation of the slurry. fp-XRF analysis shows that different elements are 
concentrated in different areas of the autoclave.  
 
Potassium concentrations are much higher in compartments 2 and 3 than 1A (site 1-5) 























































much lower concentrations in compartments 2 and 3, especially after 2016 (Figure 3.6). 
Arsenic and antinomy both have significantly higher concentrations in samples from 
compartments 1A and 1B. Both elements also show changes in behaviour over time, in 
2013 concentrations of arsenic in compartments 2 and 3 were higher than the first 
compartments (Figure 3.9). Antimony concentrations strongly decrease after August 
2016 (Figure 3.10).  
 
The patterns of lead concentrations produced more erratic patterns through the 
autoclave. Generally site 2, from the compartment 1A impeller blades showed the 
highest concentrations, however remaining high concentrations of up to about 20,000 
PPM through the third compartment were seen (Figure 3.11). Like antimony, lead 
concentrations decrease greatly after 2016. Iron and sulphur concentrations are fairly 
uniform through the scales in the machine, but iron is generally highest in the second 
and third compartments (Figure 3.7) while sulphur is slightly higher in 1A and 1B 
(Figure 3.8). 
 
Figure 3.5: Concentrations of potassium from each sampling site in the pressure oxidation autoclave from 
2013-2019 as a stacked area graph. Concentrations of potassium are generally much higher in scales from 
compartments 2 and 3 than 1A and 1B, this trend has been generally consistent over time. 
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Figure 3.6: Concentrations of calcium from each sampling site in the pressure oxidation autoclave from 2013-
2019 as a stacked area graph. Calcium concentrations are consistently highest in sites 1 and 2, concentrations 
in compartments 1B, 2, 3, especially after August 2016, except for 1 high Ca sample May 2017.  
 
 
Figure 3.7: Concentrations of iron from each sampling site in the pressure oxidation autoclave from 2013-2019 
as a stacked area graph. Iron concentrations have remained mostly constant over time and through the 
autoclave but are generally highest in compartment 3. 
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Figure 3.8: Concentrations of sulphur from each sampling site in the pressure oxidation autoclave from 2013-
2019 as a stacked area graph. 
 
 
Figure 3.9: Concentrations of arsenic through each sampling site in the autoclave as a stacked area graph. 
Concentrations of arsenic were highest in compartments 1A and 1B, except in 2013. 
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Figure 3.10: Concentrations of antimony through each site in autoclave as a stacked area graph. Antimony 
concentrations were generally highest in compartments 1A and 1B, and a dramatic decrease in concentration 
was seen in all samples after June 2016. 
 
 
Figure 3.11: Concentrations of lead through each site in the autoclave as a stacked area graph. Lead 
concentrations were typically highest in site 2 but were fairly erratic. After June 2016, concentrations 
decreased dramatically so subsequent years are barely visible on the graph. 
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3.4 Mineralogy of autoclave material  
The mineralogy of the scales through the autoclave has been assessed periodically since 
2012 using XRD. This analysis provides feedback to the mine about the processing and 
ensures that full oxidation is occurring by the last compartment. Typical mineralogy of 
the scales is anhydrite (CaSO4), iron arsenate (FeAsO4) and iron sulphates such as 
szomolnokite (Fe2+(SO4)H2O) in the first compartment, with hematite (Fe2O3), iron 
arsenate and jarosite (KFe3+3(OH)6(SO4)2) dominant by the last compartment.   
 
3.4.1 Minerals through the autoclave  
Compartment 1A 
XRD analysis of the compartment 1A site 3 sample (Figure 3.12a) identified 
szomolonkite (a ferrous iron sulphate) as the primary mineral, with secondary iron 
arsenate (Kerr., unpublished data). A chip sample was selected and made into a polished 
briquette, revealing distinct layering, and complex overprinting patterns (Figure 3.12).  
 
Szomolonkite, which was prominent in the XRD analysis, was not obvious in the sample 
selected with SEM-EDS. Rather than making up the bulk of the selected sample as 
expected, it was only found as isolated grains (Figure 3.13b). Anhydrite/gypsum had 
not been identified in XRD analysis for this sample was a significant component in the 
analysed chip. Anhydrite is common in the first compartment and was seen in the 
analysis for some surrounding samples. Iron arsenate made up the bulk of the bottom 
half of the analysed chip and was a rich blue in hand sample. The branching minerals 
extending into the predominantly anhydrite layer appear to be a jarosite/alunite solid 
solution, with some Na substitution for K and one example of natrojarosite 
(NaFe3+3(SO4)2(OH)6). Spectra from some minerals identified in 3.13 are shown in Table 
3.14. An element map was made of this sample to show patterns of element variation by 
area (Figure 3.14). It shows three prominent minerals identifiable in this area. A large 
area is anhydrite, with high sulphur and calcium readings. The thinner, bright band in 
greyscale is rich in iron arsenate, rich in arsenic and iron. Lastly a few patches have 
elevated potassium with some sulphate and iron, and a distinct lack of calcium, likely to 




Figure 3.12: Photomicrograph of polished briquette of a scale sample from compartment 1A, site 3. Sampled 
in the August 2017 clean. A) shows the entire chip, the white square denotes the location of image b. Image b 
shows some of the mineralogy identified with SEM-EDS analysis.   
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Figure 3.13: Backscatter electron micrograph images of the sample from compartment 1A, site 3. A) shows the 
wider chip patterns, with thin layers of iron arsenate, a ~1 mm layer of anhydrite with branching, coarser 
grained alunite/jarosite solid solution mineral. B) shows the complex patterns at the top of the mineral, 
primarily made of iron sulphate and iron arsenate. C) shows the boundary between the rough surface of the 
alunite/jarosite minerals at the boundary of an iron arsenate layer.  Sample from August 2017.  
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Table 3.4: Spectra from EDS analysis of sample from compartment 1A, site 3, August 2017, normalised to 100. 
Minerals identified are identified as iron arsenate (FeAs), gypsum/anhydrite (CaSO4), ferrous sulphate (FeSO4) 
jarosite (Jaro), alunite (Alu) natrojarosite (NaJaro). Some spectra are picking up multiple minerals due to fine 
grainsizes or readings taken from edge of a grain.  
Mineral O Na Mg Al Si S K Ca Fe As 
FeAs + Alu 60 0.9 
 








FeAs + Alu 58 
  
2.6 1.0 2.1 0.3 
 
21.0 13.9 
FeAs 57   1.2 0.8 1.6   20.4 18.1 
NaJaro 60 8.0 2.1 0.7 1.1 11.5 0.4 0.5 14.7 0.6 
CaSO4 66    0.2 16.3  16.9   
CaSO4 64 
  
0.3 0.8 12.7 
 
12.8 6.6 2.8 
CaSO4 66 
  
0.1 0.2 16.3 
 























Jaro+Alu 63 1.4  8.5 0.6 11.9 2.3  11.7 0.3 
Jaro+Alu 63 1.6  7.7 0.7 11.9 2.5  12.5  
FeAs + Alu 59 0.9 
 
8.1 0.2 5.3 1.1 
 
19.5 6.4 
FeAs + Alu 59     3.7 1.0 3.8 0.6   20.5 10.6 
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Figure 3.14: Element map of sample 3, compartment 1A from November 2017 with sulphur, calcium, arsenic, 
iron and potassium. High S and Ca areas indicate anhydrite/gypsum, high As and Fe layer indicates iron 
arsenate and high K, Fe and S region indicates jarosite.  
 43 
Compartment 1B 
A sample from compartment 1B, site 8 from the November 2017 clean was analysed. 
According to the XRD diffractograms, the expected mineralogy was primarily 
szomolnokite with secondary jarosite and tentative claudetite (As2O3) (Kerr 
unpublished data). The sample had distinct layering, with a coarser grained red/orange 
layer over a dark rich blue, fine grained layer with subtle lamination. Unusual breakout 
patterns from the coarse-grained layer into the blue layer were prominent (Figure 3.15).  
 
In SEM-EDS analysis, the coarser grained red and yellow layer appeared to be a variable 
solid solution of jarosite and alunite. The fine-grained dark blue layer appeared to be 
primarily iron arsenate. However, in much of this area EDS readings had a 2:1 at.% ratio 
of Fe:As, instead of the 1:1 ratio expected for iron arsenate/scorodite. This is due to be 
due to fine mixtures of other minerals such as jarosite and iron sulphates as seen in 
Table 3.5 and Figure 3.16c. 
 
 
Figure 3.15: Photomicrograph of a polished briquette of scale from compartment 1B, site 8. Sampled in a 
November 2017 clean of the pressure oxidation autoclave.  
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Figure 3.16: Backscatter images of a sample from site 8 from August 2017 from EDS-SEM analysis. Large grains 
of jarosite and alunite in a predominately Fe arsenate layer can be seen in image A). A closer image is seen in 
B), with a grain of an iron sulphate mineral visible. C) displays a fine-grained mix of alunite, jarosite and iron 
oxide crystals next to courser grained alunite and jarosite in solid solution.  
 45 
Table 3.5: Spectra from EDS analysis of sample from compartment 1B, site 8, August 2017, normalised to 100. 
Spectra are identified as iron arsenate (FeAs), gypsum/anhydrite (CaSO4), ferrous sulphate (FeSO4) jarosite 
(Jaro) and alunite (Alu). Chemical formula names in table are generic labels rather than precise mineral 
formula. Some spectra are picking up multiple minerals due to fine grainsizes or readings taken from edge of 
a grain. 
  O Na Mg Al Si P S K Fe As 
Jaro/Alu 63 1.9  10 0.3  11.7 2.9 10.2  
Jaro/Alu 64 1.0  7.5   12.7 3.4 11.9  
Jaro/Alu 62 1.1  6.3 0.3  11.3 3.5 14.0 1.4 
Jaro/Alu 64   6.4   12.9 3 13.9  
Jaro/Alu 65 0.7  13.7   12 3.1 5.7 0.2 
Jaro/Alu 64 1.1  9.3   12.4 2.8 10.5 0.1 
Jaro/Alu 64   12   12.2 3.1 8.0  
Jaro/Alu 63 2.4  5.5 0.6  12.3 2.6 14.0  




13.1 3.2 11.2 
 
FeAs 57   0.7 0.6 1.2 2.2  23 15 
FeAs/FeSO4 60   1.2 0.6 0.8 6  20.1 11.3 
FeAs/FeSO4 60   1.3 2.0 0.7 6  19.1 10.5 
FeAs 57    2.8 0.6 0.5  21.7 17.7 
FeAs/FeSO4 60 
  





0.9 0.4 0.6 6.7 
 
20.2 10.8 
FeAs/FeSO4 60   0.9 0.5 0.6 6.8  19.8 11 
FeAs/FeSO4 63 
   





2.4 0.4 0.5 10.8 0.3 17.3 5.1 
FeAs/FeSO4 61 
  





1.2 1.3 0.4 6.4 
 
19.6 10.8 
FeSO4 66   1.6 0.6 0.6   15.2   15.8 0.4 
 
Compartment 2 
The compartment 2 sample (site 12) from November 2017 was previously identified 
through XRD with a primary mineral of jarosite with secondary hematite and quartz 
identified (Kerr unpublished data). SEM analysis of a resin briquette from this sample 
showed it largely consisted of jarosite grains with small veins and veinlets of an iron 
oxide with some arsenic. However as can be seen in Figure 3.18. 
 
The issue is also compounded by the micron scale grainsize of many grains in this area, 
which are often smaller than the detection area of 1μm. The mix of minerals in these 
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pockets may be an artefact of the polishing process, where polished pieces get trapped 
in pre-existing holes in the material. A few unusual minerals were observed in this mix, 
including what appeared to be a ~1 μm titanium oxide grain with a halo of iron oxide 
and arsenic (10 at.%). There was also some remnant quartz grains around ~10 μm in 
size. Small (<1-5 μm), rounded grains of iron oxide were spread throughout this area, 
which had very similar geochemistry to the veins and patchy minerals of iron oxide seen 
in Figure 3.18a. The iron oxide may be hematite or ferric oxyhydroxide and has variable 
amounts of arsenic up to 8 at.%.  
 
Figure 3.19 shows an area of variation of the solid solution between jarosite and alunite. 
The brighter part of the mineral had higher Fe (18%) and lower Al (3.8%), while the 
darker region had lower Fe (12%) and higher Al (8.5%). 
 
 
Figure 3.17: Photomicrograph of a polished briquette sample of a scale from compartment 2, site 12 in the 
autoclave. Sampled in November 2017.  
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Figure 3.18: Backscatter electron images of sample from site 12 in compartment 2. The medium toned, smooth 




Figure 3.19: Backscatter electron image of November 2017, site 12 sample. Image shows two compositions of 
jarosite in solid solution with alunite. Jarosite (Fe) indicates mineral had higher Fe (18%) and lower Al (3.8%), 
while Jarosite (Al) indicates lower Fe (12%) and higher Al (8.5%). 
 
Table 3.6: EDS analysis of sample from compartment 2, site 12, November 2017, normalised to 100. Element 
concentrations are in at.%. Spectra are identified as iron oxide (FeO), gypsum/anhydrite (CaSO4), titanium 
oxide (TiO), jarosite (Jaro) and alunite (Alu). Chemical formula labels in table are generic labels rather than 
precise mineral formula. Some spectra are picking up multiple minerals due to fine grainsizes or readings taken 
from edge of a grain. 
Label O Na Al Si S K Ca Ti Fe As 
Jaro/Alu 62  3.2 0.8 10.8 2.8 3.0  17.1 0.8 
Jaro/Alu 63  3.1 0.2 13.2 3.1   17.1  
Jaro/Alu 63  4.8 2.9 10.9 3.6   14.2 0.8 
Jaro/Alu 64 0.9 2.8 0.4 12.1 2.2   15.5  
Jaro/Alu 61  2.9  11.1 3   22.0  
Jaro/Alu 63  2.9  13.3 3.2   17.4  
Jaro/Alu 63  2.5  13.4 3   17.9  
Jaro/Alu 64  9  12.4 4.4   10.5  
Jaro/Alu 63  8.7  12.9 4.1 0.3  9.4  
Jaro/Alu 64  11.2 0.3 12.3 3.1   8.7  
Jaro/Alu 64  10.8  11.9 2.9   10.7  
Jaro/Alu 63  6.9 0.5 12 3.3   14.1  
Jaro/Alu 63  8.5  12.1 3.2   12.9  
FeO(As) 53   3.1 1    39.6 3.1 
FeO(As) 52   0.7 1.4    42.6 2.8 
FeO(As) 52   0.6 1.1    45.3 1.4 
FeO(As) 54   1.1 1.1    35.1 8.8 
FeO(As) 51   1.6 0.3    45.2 1.3 
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FeO(As) 51   0.8    0.3 47.2 0.8 
FeO(As) 53   5.3     40.9 0.9 
FeO(As) 55   4.3 0.4   4.0 35.2 1.1 
FeO   50        50  
FeO 51   2.5     46.2  
FeO 50   0.9     48.7  
FeO 51   2.3     46.6  
FeO 50        50  
FeO 51   1.1     48.4  
TiO 65       29.3 5.2 0.3 
TiO 66       30 3.4 0.3 
TiO 66       31.9 1.4  
Qtz 66   32.8     0.9  
CaSO4 66   0.6 16.1  16.1  0.8  
CaSO4 66     0.3 16.3   16.4   0.6   
 
Mineral compositions 
Most minerals measured did not have ideal compositions as measured by EDS-SEM. As 
seen in tables of the spectrum data (Table 3.4 -Table 3.6), many spectra appear to pick 
up signatures of multiple minerals.  
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Figure 3.20: Ternary diagram of sulphur, iron and arsenic from EDS readings in scale samples from 
compartment 1A (site 3), compartment 1B (site 8) and compartment 2 (site 12) of the autoclave at Macraes. 
The ideal composition of some typical and expected minerals are marked in red. Fe-As-SO4 includes iron, 
sulphate arsenic minerals such as bukovskyite and hilarionite. Fe-SO4 includes iron sulphates: szomolnokite, 
rozenite, melanterite.   
 
3.4.2 Antimony minerals 
The mineral that antimony formed in the autoclave was not confirmed by the routine 
XRD analysis, with only one tentative identification of tripuhyite in one sample. A chip 
from a sample with high Sb, at approximately 30,000 PPM was selected for analysis 
under SEM to investigate what mineral the Sb was forming in autoclave processing.  
The selected high Sb sample from February 2016 had layering, with yellow layers having 
a distinct boundary with grey crystalline layers (Figure 3.21). SEM-EDS analysis showed 
that the yellow layers contain the highest Sb concentrations, in the form of a ferric 
arsenic antimonate mineral (herein called FAA (ferric arsenic antimonate), which is 
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inter-grown with anglesite (Figure 3.21a, b). These coarser crystals are contained 
within a mass of very fine-grained Sb-rich Fe-As bearing material with similar 
composition to the FAA. Further investigation of the yellow FAA and anglesite layer with 
a polished briquette sample revealed the FAA area is composed of closely intergrown 
iron arsenate and FAA (Figure 3.22). The EDS measurements of the high Sb briquette 
scale sample show all Sb measurements are associated with As, Fe, and O (Table 3.7).  
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Figure 3.21: Electron backscatter images of a high Sb sample from the autoclave compartment 1A, February 
2016. (a) The yellow layers contain grains of anglesite (Angle) and Fe-As-antimonate (FAA). The grey layer 
consists of ferrous sulphates, anhydrite and minor anglesite. (b) SEM image of the sharp contrast between two 
key layers. (c) The coarse, very bright grains are predominantly anglesite, surrounded by a micron scale matrix 
of iron, antimony arsenic bearing oxide precipitate (Fe-Sb-As-O), with some larger grains of chemically similar 
material defined as FAA (iron-arsenic-antimonate). White boxes indicate the position of the subsequent image. 
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Figure 3.22: Electron backscatter images of a sample of autoclave scale from compartment 1A, February 2016, 
prepared as a polished briquette. (a) shows the mottled texture of the FAA area, with bright and dark areas 
visible. (b) and (c) show FAA in light grey, with ~ 9% Sb, ~ 4As% As and ~16% Fe, closely intermingled with the 
darker grey Fe-arsenate (~15% As, ~15% Fe and 0-1% Sb). Percentages in Atomic%, see Table 3.7 for spectrum 
results.  
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Table 3.7: EDS analysis of the high Sb sample from the autoclave compartment 1A, February 2016. Table shows 
the spectra that contained Sb, as at.%. 116-128 are from the images in Figure 3.22, with shading reflecting the 
FAA (light) and Fe-arsenate (dark) as identified.  
Spectrum O Al Si S Fe Cu As Sb 










1.1 0.9 16.2 
 
7.1 6.3 
103 67 0.6 1.7 1.5 16.1 0.5 4.2 8.8 
104 67 0.3 1.1 1.0 16.1 
 
6.2 7.9 
106 68 0.4 1.8 1.4 15.1 0.5 5.7 7.0 
107 68 
 
2.6 1.2 15.5 0.6 5.1 7.4 
108 68 0.3 1.0 1.2 15.7 0.5 7.2 6.7 
109 68 
 
0.8 1.2 16.0 0.6 5.3 8.5 
110 67 
 
1.4 1.4 16.1 0.8 4.5 8.7 
111 68 
 
0.7 1.4 16.7 
 
4.6 9.1 
112 67 0.3 0.4 1.4 16.6 0.7 4.6 8.9 
113 68 0.4 1.3 1.3 16.2 
 
4.4 8.6 
114 67 0.5 1.0 1.6 16.0 
 
5.3 8.1 
116 68   0.4 1.0 17.1   4.5 9.5 
117 67 0.3 1.5 0.9 16.6   4.4 9.3 
118 68   1.2 1.0 16.2 0.4 4.6 8.8 
119 68   1.4 0.9 16.3   4.9 8.7 
120 68   2.1 0.8 16.1   4.5 8.7 
121 67 0.3 2.1 0.9 16.1   4.9 8.4 
122 69     0.4 14.9   14.9 1.1 
123 69     0.3 15.1   15.9 0.3 
124 67 0.3 0.9 0.9 16.8   6.1 8.1 
125 68   0.8 0.9 17.0   5.1 8.6 
126 68   1.0 0.8 16.2   6.6 7.0 
127 67 0.3 0.7 1.0 16.7   5.8 8.2 
128 69   2.3 0.3 13.9   13.7 1.1 
 
A ternary diagram of EDS measurements of iron, antimony and arsenic containing 
minerals from the high Sb autoclave scale is below in Figure 3.23. It shows a large cluster 
of compositions falling between iron arsenate and tripuhyite. These compositions are 
approximately 55% Fe, 20-30% Sb and 15-25% As by at.% when the components are 
normalised to 100%.  
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Figure 3.23: Ternary diagram (atomic %) of Sb-Fe-As contents of material from the February 2016, 
compartment 1 sample, measured by EDS analysis on the SEM. Compositions plotted between tripuhyite and 
Fe arsenate are FAA in  Figure 3.21a,b, with some admixtures containing hematite leading to higher Fe 
contents.  
 
3.4.3 Lead in the autoclave 
In multiple samples from when the Reefton ore was being processed, the Pb mineral 
anglesite (PbSO4) was identified in bulk XRD diffractograms. Lead was seen to be highly 
enriched in samples processed over this time compared to post 2017 samples from fp-
XRF analysis. SEM analysis showed this mineral occurred in abundance in the high Sb 
sample analysed in Section 3.4.2 as well formed, needle like crystals (Figure 3.24). The 
anglesite crystals occurred in the same yellow layer as the Sb-rich material.  
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Figure 3.24: The bright, elongate anglesite grains in backscatter electron image of a sample from site 3, 
compartment 1A taken from the cleaning of the pressure oxidation autoclave in February 2016.  
 
Table 3.8: EDS analysis of anglesite grains in the briquette sample from site 3, compartment 1A February 2016.  
Label O S Fe Ba La Ce Pb 
94 65 16.7 
    
18.2 
95 64 16.8 
 
0.3 0.4 0.4 18.3 
96 65 16.2 0.9 
   
17.7 
105 64 16.5 1.4       18.3 
115 64 17.1 0.6       18.6 
 
3.6 Discussion 
Geochemical changes over time 
This chapter covers data from a period of two key changes in processing in the 
autoclave. The cessation of Reefton ore processing in mid-2016, changing the ore to 
purely Macraes ore, and an increase in residence time for more complete oxidation after 
Reefton ore stopped being processed (Per. Comm Tom Snow). The strong decrease in 
antimony concentration in the scales after the Reefton ore stopped being processed in 
2016 was expected and observed through handheld XRF analysis (Figure 3.4), where 
concentrations in the scales decreased from up to 3% to less than 0.5%. Another 
apparent effect of the Reefton ore processing was a strong increase in lead 
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concentrations in the scales over this period. As there is not elevated Pb in either the 
Reefton or Macraes ore, this mineral is likely to be a result of dissolution and 
recrystallization of Pb-bearing grout (mortar) between the refractory tiles that line the 
autoclave. The concentrate from Reefton was relatively sulphide-rich compared to 
Macraes mine concentrate (Milham and Craw, 2009), and the elevated sulphide content 
enhanced acid generation during oxidation in the autoclave and caused additional 
leaching of the autoclave lining. 
Minerals through the autoclave 
The concentrations of the major elements throughout the autoclave measured with 
handheld XRF shows each element tends to precipitate more in specific areas of the 
autoclave. Arsenic and antimony both occur in greater concentrations in compartment 
1A and 1B than compartments 2 and 3. This may be due to greater precipitation rates of 
these elements in the less oxidised conditions in the first compartment. This is also 
reflected in the data from the scale samples analysed by SEM-EDS analysis. The first 
compartments were abundant with an iron arsenate mineral, while in the second 
compartment the arsenic occurred in lower concentrations associated with an iron 
oxide (ferrihydrite or hematite).   
 
SEM analysis shows significant complexities in the mineralogy of the autoclave material. 
The high temperature of the autoclave and abundance of elements and compounds that 
readily substitute for each other has led to complex mineralogies in all samples. Most 
EDS measurements of arsenic bearing minerals showed a combination of iron and 
sulphate present (Figure 3.20), especially in the scales from sites 3 and 8. This is either 
due to microcrystalline minerals scorodite and iron sulphates being picked up together 
in combined EDS readings. It is also possible that this is due to the formation of an 
arsenic iron sulphate mineral such as tooelite (Fe3+6(As3+O3)4(SO4)(OH)4·4H2O), 
Bukovskyite (Fe3+2(AsO4)(SO4)(OH)·9H2O) or Zykaite (Fe3(AsO4)3(SO4)(OH)·15H2O. 
Arsenic iron sulphates haven’t been detected in XRD of Macraes ore but has been 
observed in other roasted residues (Harris, 2000).  
 
Alunite/jarosite solid solutions as described by Kerr et al. (2015a) were observed in all 
samples, with most EDS readings capturing compositions between alunite and jarosite. 
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Some Na substitution was also apparent in compartment 1A and 1B, but not 
compartment 2. As Kerr et al. (2015a) found, the alunite/jarosite did not contain 
arsenic.  
 
Implications for storage and water quality 
The ultimate destination for the autoclave processed material at Macraes is a tailings 
facility. After final processing through cyanidation, the slurry is mixed with flotation 
tailings in a ~ 1:10 ratio and deposited on the tailings (Kerr et al., 2015). pH in tailings 
waters at Macraes is typically neutral to alkaline, although has been acidic (pH ~3) in 
the decant pond (Craw and Pope, 2017). Once the old Mixed Tailings facility reached 
capacity, a new facility called the Top Tipperary tailings facility became active in 2013. 
Since then pH has generally been higher in the tailings waters and since July 2016, pH 
has been consistently above 7 (Figure 3.25).  This is likely an influence of the cessation 
of processing of the Reefton ore. The range of pH conditions over time in the two decant 
ponds at Macraes shows how changeable the conditions in waste storage can be, 
potentially mobilising different minerals under different conditions.  
 
Figure 3.25: Time series of pH from Craw and Pope (2017), updated with data from the new Top Tipperary 
tailings facility. POX indicates the introduction of the pressure-oxidation autoclave processing.  
 
Minerals for disposal are generally considered the most stable when both iron and 
arsenic are at their highest oxidation states (Harris, 2000). Scorodite and ferrihydrite 
are both least soluble in the pH range of 3-5 (Harris, 2000) Scorodite and arsenical 
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ferrihydrite generally pass standard EPA Toxicity Characteristic Leaching Procedure 
tests, which are performed at a pH of 5. However, scorodite is only metastable at neutral 
to alkaline pH, breaking down to form iron hydroxide such as goethite and releasing 
arsenic in solution (Dove and Rimstidt, 1985). Scorodite formed in the autoclave at 
Macraes may then reactivate given the right conditions, releasing arsenic.  
Antimony oxidation and sequestration  
While the Reefton ore was being processed at Macraes from 2007- August 2016, Sb 
levels were significantly elevated in the material processed by the autoclave due to the 
presence of stibnite (Sb2S3) in the Reefton ore. Handheld XRF analysis showed 
concentrations of Sb in the autoclave scales were up to 30 000 ppm in this period and 
after the Reefton ore stopped being processed all samples had <1000 ppm Sb except one 
outlier at 4344 ppm in November 2016.  What mineral the Sb formed from autoclave 
processing at Macraes was previously unstudied, this study hypothesised that due to 
very low concentrations of Sb in process waters at Macraes the insoluble mineral 
tripuhyite formed. 
 
Pure tripuhyite was not observed in this study, as the Fe-Sb rich material measured by 
EDS also contained As (Figure 3.23). The nano-crystalline habit of tripuhyite makes it 
notoriously difficult to identify with standard methods including XRD and microscopy 
(Kossoff et al. 2015). The nanocrystalline form and bright yellow colour of the iron 
arsenic antimonate mineral (FAA) observed in this study is similar to descriptions and 
photos of tripuhyite recorded by Korssoff et al. (2015) and Multani et al. (2017) and 
distinct from the typical crystalline appearance of iron arsenate observed in most 
autoclave material from Macraes. Hence, the FAA observed here may be tripuhyite with 
a component of As in solid solution. A close intergrowth of FAA and Fe-arsenate as seen 
in Figure 3.22 indicates interference from the surrounding iron arsenate may be 
artificially indicating the presence of arsenic in FAA, however all readings still contained 
~4 at.% As to 9 at.% Sb in measurements on defined grains as seen in Figure 3.22. 




In low temperature experiments generating an iron arsenate in the presence of Sb, 
Kossoff et al. (2015) found that despite some chemical similarities, Sb does not 
substitute into iron arsenate in place of arsenic at low temperatures. This may be due to 
antimony’s large radius and octahedral coordination with oxygen, compared to the 
tetrahedral coordination of As with O in scorodite (iron arsenate). However, at the high 
temperatures of the autoclave process, the substitution of As for Sb in tripuhyite is 
apparently possible, leading to formation of the FAA (Figure 3.23). The formation of the 
tripuhyite-like FAA in the autoclave appears to result in the low solubility of Sb in the 
Macraes mine process waters (Figure 3.2), with the ~5 at.% arsenic not disrupting the 
very low solubility of tripuhyite. 
 
Questions remain about how Sb and As associate together in the tripuhyite and further 
effects this may have on the solubility of the mineral. However, processing with a 
pressure-oxidation autoclave appears to assist in the removal of Sb as an environmental 
hazard by the creation of an insoluble mineral. This appears to be the case at Macraes, 
where elevated aqueous antimony was not observed in tailings influenced waters over 
the period were the antimony enriched Reefton ore was processed. 
 
3.7 Conclusions 
Minerals in autoclave scales are complex due to solid solutions and substitutions of 
similar elements into mineral structures. Arsenic appears to precipitate more readily in 
the first compartment of the autoclave, with generally higher overall concentrations in 
those scales. SEM analysis of the scales showed in compartment 1A and 1B arsenic 
formed iron arsenate, while in the second compartment it primarily associated in lower 
concentrations with an iron oxide mineral. 
Concentrations of lead in autoclave scales were high during the period of Reefton ore 
processing, but neither Reefton nor Macraes ore contain Pb. The higher proportion of 
sulphides being processed at this time had a corrosive effect on the lead containing 
grout of the autoclave, dissolving it and re-precipitating anglesite (PbSO4). 
Antimony processed in the autoclave at Macraes appears to form tripuhyite with arsenic 
(~5 at.%) substituted into the structure. Tripuhyite is highly insoluble, explaining why 
 61 
aqueous antimony has not appeared in the process waters at Macraes. Further work 
could involve finding a high Sb sample in the drilled tailings samples from the MTF and 




Chapter 4 : Geochemistry and mineralogy of 
tailings 
4.1 Introduction  
Tailings dams contain the excess material excavated for extraction of an ore that has 
undergone some level of processing. Tailings is highly crushed material with extensive 
surface area and is often enriched in elements such as iron and ‘heavy metals’ such as 
arsenic. Therefore tailings storage has the potential to release a significant volume of 
contaminants into the environment if not properly managed (Avila et al., 2008, Smedley 
et al., 1996) The fine grainsize, higher proportion of reactive metals and additives from 
processing in the tailings means the risk of negative environmental influence is often 
greater than that posed by the original rock (Craw and Nelson, 2000, Jamieson et al., 
2015). 
 
Understanding the geochemical nature of the tailings is essential to assess future 
environmental risk, as processes such as sulphide breakdown can occur over long-time 
scales. The presence of ferric oxyhydroxides (FO) in some tailings can attenuate 
dissolved metals from process waters through adsorption. FOs have an affinity for 
adsorbing the dissolved metals arsenic and antimony (Foster et al. 1998; McComb et al. 
2007).   
 
This chapter will assess how the processing methods at Macraes affect the mineralogy 
and geochemistry of the tailings, and how the tailings have changed over the past 30 
years by comparing samples from 77 m depth, 44 m depth and a surface sample of 
tailings. 
 
4.1.1 Tailings at Macraes gold mine 
The tailings at Macraes comprise of crushed Otago schist, which is metamorphosed to 
greenschist facies with the assemblage quartz, albite, muscovite, chlorite, epidote, rutile, 
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pyrite and calcite +- graphite (Brown, 1967, Craw et al., 1999). There are multiple 
tailings storage areas at the mine, the primary ones are the Mixed Tailings Facility 
(MTF), which was active from 1990 – 2013 and the Top Tipperary Tailings facility 
(TTTF) which has been active since 2013 (Figure 4.1).  
 
 
Figure 4.1: A map of the south end of the workings at Macraes gold mine, Otago. The two study sites assessed 
in this chapter are the Mixed Tailings Facility and the Top Tipperary Tailings facility. Map adapted from Craw 
and Pope (2017). 
 
The decommissioned Mixed Tailings Facility (MTF) was drilled in 2015 for a resource 
assessment, providing opportunity to study the nature of the tailings and to assess how 
they have changed over time (Figure 4.2).  The active period of the MTF (1990-2013) 
saw different ore processing methods, with autoclave processing introduced in 1999 
(Craw and Pope 2017). Initially the MTF stored flotation tailings only, with concentrate 
stored elsewhere. From 1993, the sulphide concentrate and the schist flotation tailings 
were remixed and discharged into the MTF (Craw et al., 2017). From 1999, the pressure 
oxidation autoclave was introduced to oxidise the sulphides before extraction and re-
mixing with the flotation tailings. Two samples have been provided, one from a deeper 
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layer of the tailings from 77.4 – 77.5 m deep (2), when the sulphides and flotation 
tailings were mixed, and a shallower sample from 44.42 – 44.52 m deep (1), after the 
pressure oxidation autoclave had been introduced (Figure 4.3). 
 
 
Figure 4.2: The location of the core from the Mixed Tailings Facility, photograph from Christenson et al., (2018).  
 
 
Figure 4.3: Schematic diagram of the mixed tailings facility at Macraes. Each layer shows a key change in the 
storage methods over time, with the bottom layer from 1989-93, where just the flotation tailings were stored 
here. The second layer is from 1993-99 when the flotation tailings were stored with the sulphide concentrate. 
The top layer represents 1999-2013, when the facility was decommissioned. Here, the flotation material was 
mixed with oxidised concentrate from the pressure-oxidation autoclave.  
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The Top Tipperary Tailings Facility has been active since 2013 and contains the mixed 
schist and autoclave processed concentrate. Figure 4.4 shows the deposition of the 
tailings slurry, which contains autoclave processed concentrate, flotation tailings 
(schist), process waters and additives used in processing such as sodium xanthate. A 
sample of the tailings was taken from the opposite end of the tailings pond to where 
current deposition is occurring.  
 
Figure 4.4: Photograph of the Top Tipperary Tailings Facility taken in May 2019. The pipe is depositing the 
slurry of tailings onto the facility.  
 
This chapter will assess how the mineralogy of the material in the MTF changed over 
the transition to pressure oxidation autoclave and the recent mineralogy in surface 
tailings from the TTTF. It will link work from Chapter 3 to how the autoclave processed 
material precipitates in the tailings and discuss the stability of the minerals formed.  
 
4.1.2 Water quality in the tailings 
Throughout the 30-year life of the mine there has been consistent water analysis of 
internal and surrounding waters, which provides a very valuable resource for analysing 
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the effect of processing techniques on tailings influenced water. Craw and Pope (2017) 
presented a study into the water quality over the transition to pressure oxidation 
processing and how it affected the waters at the MTF, data from this study with 
additional water quality measurements in the TTTF can be seen in  Figure 4.5. 
 
With the introduction of pressure oxidation in 1999, arsenic concentrations initially 
decreased in the MTF tailings pond, rising but with high variability after 2007. Dissolved 
calcium, magnesium and sulphate concentrations greatly increased with the 
introduction of pressure oxidation, while pH fell from consistently around 8 to a broader 
range between 3 and 8 after pressure oxidation was introduced.  
 
 
Figure 4.5: Geochemical time series plots comparing the water in the MTF decant pond and downstream sump 
and the TTTF decant pond and sump from 2013 onwards. Plots show dissolved arsenic, dissolved calcium, 
dissolved magnesium, dissolved potassium, pH, dissolved sodium, dissolved sulphate, and alkalinity. Modified 





Three samples have been analysed in this study of the tailings material at Macraes. Two 
samples are from the Mixed Tailings Facility, sampled at 44 m and 77 m depth and a 
surface sample from the active Top Tipperary Tailings Facility (TTTF).  
 
The MTF was drilled in September 2015 to a depth of 77.5 m (Christenson et al., 2018). 
The MTF samples used for this project were dried and placed in storage, sealed at room 
temperature for the time period after drilling. The surface TTTF sample was taken in 
2019 and dried in the oven for 3 days at 70 degrees prior to analysis. 
 
4.2.2. Handheld-XRF 
The samples were analysed with the Olympus Innov-x Omega field portable X-ray 
Fluorescence Spectrometer (XRF). The tailings were measured through the plastic zip-
lock bag they were stored in. Handheld XRF can be inaccurate and is only used as a guide 
for overall bulk differences between the shallow and deep MTF samples. 
 
4.2.3. SEM 
Samples for SEM analysis were prepared as pin stubs and resin briquettes. The two MTF 
samples were prepared on pin stubs, which were covered in carbon tape, then dipped 
into the tailings powder. The excess was blown off with compressed air before being 
carbon coated. This method allows for textural observation of the grains, however it 
renders less accurate compositional measurements due to uneven surfaces.  
 
The MTF samples and the TTTF sample were also made into resin briquettes and 
polished. This creates a smooth surface, allowing for more accurate compositional 
measurements with energy dispersive x-ray spectrometry (EDS) analysis. It also shows 
cross sections of the grains to allow observation of any alteration rings. However, it does 




Table 4.1: Samples assessed with EDS analysis and their preparation methods. 
Sample Year sampled SEM preparation 
77 m MTF sample 2015 • Pin stub 
• Resin briquette 
44 m MTF sample 2015 • Pin stub 
• Resin briquette 
Surface TTTF sample 2019 • Resin briquette 
 
Given the fine-grained nature of some of the tailings material, particularly that which 
has come out of the autoclave, EDS spectra will often identify combinations of minerals.  
 
4.3 Results 
4.3.1 Handheld-XRF   
Handheld-XRF of the shallow (44 m) and deep (77 m) samples from the MTF recorded 
highest element concentrations of Al, Si, S, K, Ca, Ti, Mn, Fe, As and W (Table 4.2). The 
shallow sample (44 m) was more enriched in Ca at 13 839 ppm compared to 3981 ppm 
in the deep sample.  
 
Table 4.2: Key elements present in the 44 m and 77 m samples from the MTF in ppm.  
Sample Al Si S K  Ca Ti  Mn  Fe As W 
44m 13038 58055 534 23643 13839 2786 634 40092 846 542 
77 m 6813 39943 446 21717 3981 3125 641 35467 1720 466 
 
4.3.2. SEM  
Deep MTF Sample 
The deep sample was from 77.4-77.5 m deep in the tailings. This layer was comprised 
of mixed flotation tailings and sulphides. The sample was grey in colour and very finely 
grained. Flaky grains from schist make up the bulk of the sample, with grainsizes from 
<1 μm to ~75 μm. Sulphides, typically pyrite and arsenopyrite in grain sizes of 5 – 10 
µm were observed, with scheelite, rare earth element phosphates, rutile and oxides 
(spinels) identified.  
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Sulphides 
In the 77 m sample arsenic was only present in pyrite (As 0-0.9 at.%) and arsenopyrite 
(As ~33 at.%). In the pin-stub prepared sample the sulphide grains were recognisable 
from S, Fe (and As where applicable) ratios, but showed much greater contamination 
from surrounding schist in the EDS readings than the briquette prepared sample. Two 
photomicrographs of arsenopyrite grains from the pin-stub sample are shown in Figure 
4.6.  
 
Table 4.3 shows the EDS analysis of all grains identified as sulphides in the briquette of 
the deep tailings sample, with pyrite, arsenopyrite and cobaltite identified. All pyrite 
measured had between 0.9-1.12 at.% thallium (Tl), and 0-0.96 at.% arsenic. One 
sulphide had a composition of 32.55 at.% S, 9.08 at.% Fe, 10.05 at.% Co, 13.48 at.% Ni 
and 34.85 at.% As, likely to be cobaltite. Some grains were very small and have chemical 
interference from surrounding silicates (spectra 128, 167 and 171), but the Fe, S and As 
still show expected ratios to one another. There was no evidence of secondary ferric 
oxyhydroxide (FO) formation or observable weathering of sulphides. Slight pitting was 
seen in one grain of pyrite (Figure 4.7). 
 
Figure 4.6: Backscatter electron images of arsenopyrite grains in the 77.4-77.5 m deep tailings sample from 
the MTF. Prepared as a pin stub. 
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Figure 4.7: Backscatter electron images of pyrite (Py) and arsenopyrite (AsPy) grains in the 77.4-77.5 m deep 
tailings sample from the MTF, prepared as polished briquette.  
 
Table 4.3: Composition of sulphides identified in the briquette of the deep tailings sample from the MTF in 
at.%. Pyrite, arsenopyrite (AsPy) and cobaltite (CoAsS) are labelled.  
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174 AsPy     35.4 31.9     32.7     
 
Scheelite (CaWO4) 
Fairly abundant scheelite was observed in the deep tailings sample. The scheelite 




Figure 4.8: Backscatter electron images of scheelite grains in the deep tailings samples from the MTF. Images 
a) and b) show the sample prepared on a pin stub, c) and d) show the polished briquette. A rutile grain is also 
seen in image d.  
 
Rutile (TiO2)  




Figure 4.9: Electron backscatter images of rutile in the deep sample of tailings from the MTF. An arsenopyrite 
grain is also visible in the image on the left. Both images are of the polished briquette sample.  
 
Phosphates 
Apatite and rare earth element (REE) phosphates were observed in the deep sample. 
Spectra of phosphates from the deep briquette sample can be seen in Table 4.4. 
Monazite (Ce, La, Nd)PO4, and xenotime, YPO4 were both identified in the deep sample. 
Trace (<1 at.%) Ag, Ir, Sm and Pr were also measured in the monazite grains. 
 
Table 4.4: EDS analysis of phosphate minerals in the deep tailings sample (briquette) with identified 
mineralogy.  
  144 147 150 164 
  Apatite Monazite Xenotime Monazite 
O 55 65 63 61 
F 4.4    
Al    2.1 
Si   0.4 2.8 
P 14.8 17.0 16.5 15.0 
K    0.3 
Ca 25.8   0.5 
Fe    1.3 
Y   14.9  
Ag    0.3 
La  4.2  3.8 
Ce  8.5  7.9 
Pr  0.7  0.7 
Nd  3.3  3.5 
Sm  0.4  0.4 
Gd   0.7  
Dy   1.6  
Ho   0.3  
Er   0.7  
 73 
Yb   0.5  
Ir 0.4 0.6 0.9 0.5 
Th     0.2   
 
 
Figure 4.10: Electron backscatter images of rare earth element phosphates in the deep tailings. Image a) shows 
a xenotime grain, and image b) shows monazite.  
 
 
Figure 4.11: Backscatter electron image of an apatite grain in the deep tailings sample. 
Oxides 
Some oxides have been identified in the deep tailings. These are likely to be detrital 
spinels from the schist precursor sediment. They have a Mg-Fe-O composition 
(magnesioferrite) and a Ca-Fe-Mg-O composition. No secondary oxides were identified 
surrounding sulphides.  
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Figure 4.12: Backscatter electron image of a grain of spinel (magnesioferrite) in the deep tailings sample from 
the MTF.  
 
Table 4.5: Oxides in the deep (77 m) MTF sample, values from EDS analysis in at.%.  
  Label   O Mg Al Si K Ca Mn Fe 
24 MagFe 68 9.9   0.1 0.8 0.4 20.8 
25  58 15.5   0.1 20.2 0.3 6.1 
26  60 12.8 0.5   19.9 0.1 6.34  
27 MagFe 68 7.4    0.4 0.4 23.8 
118 MagFe 68 8.5    0.3 0.3 22.9 
119 MagFe 68 9.1    0.5 0.3 22.4 
122 MagFe 67 5.5 1.8 2.7 0.7 0.4 0.3 21.1 
123 MagFe 66 5.6 4.1 4.1  0.5 0.2 19.8 
124 MagFe 68 6.3 0.6 0.7 0.1 0.8 0.4 23.2 
125 MagFe 67 7.5 1.6 1.9 0.1 0.3 0.3 21.2 
127 MagFe 68 8  0.2  1.4 0.6 22 
133 MagFe 67 7.3 1.3 1.3  1.0 0.3 21.8 
134 MagFe 67 6.1 4.8 4.1 0.1 0.3 0.2 17.1 
136 MagFe 66 11.2 1.4 2 0.4 0.4 0.3 18.7 
138 MagFe 69 3.1 0.2 0.1  0.7 0.5 26.7 
140 MagFe 68 7.5 0.4 0.4 0.1 1.0 0.3 22.7 
141 MagFe 68 12.2 0.2 0.3 0.1 0.4 0.2 19.1 
142 MagFe 67 9.4    0.6 0.5 22.4 
148 MagFe 66 16    0.9 0.3 16.3 
151 MagFe 66 12.5  0.2  3.0 0.3 18 
152 MagFe 67 11.7 1 1.7 0.5 0.2 0.3 17.7 
162 MagFe 67 10.9 0.4 0.7 0.2 0.4 0.2 20.4 
165 MagFe 68 11.8    0.1 0.2 20.3 
166 MagFe 67 10.5  0.2  0.1 0.3 21.7 
168 MagFe 67 6.3 0.5 1.5 0.5 1.3 0.5 22.3 
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Shallow MTF sample  
The shallow MTF sample, taken from 44.4-44.5 m in depth was fine grained and light 
brown in hand sample, contrasting with the grey of the deep tailings sample. In SEM 
analysis the tailings also appeared very different, largely due to the abundant iron 
oxides and comparative lack of sulphides.  
Oxidised material  
The measured compositions of oxidised material observed in the shallow sample by 
SEM-EDS analysis can be seen in Table 4.6. Most of the oxidised material had an iron 
oxide composition, probably a ferric oxyhydroxide (FO). The FO contained between 0-
11 at.% arsenic with 20-30 at.% Fe and 50-67 at.% O, and was observed as singular 
grains (up to 400 μm), cement between silicate grains and as thin layers on silicates. One 
grain of jarosite/alunite solid solution and one grain of iron arsenate (probably 
scorodite) were also observed.  
  
 76 
Table 4.6: Secondary oxidised material identified in the shallow (44 m) sample of the MTF. Values in at.%.  
Ferric oxyhydroxide (FO in table), was generally associated with arsenic. Jarosite (Jaro in table) and iron 
arsenate (FeAsO4 in table) were also identified. Label indicates spectrum label, there is some overlap of 
spectrum labels due to different sessions on the SEM.  
Sess. Label   O Al Si P S K Ca Fe As W 
1 29 FO(As) 56 4.1 5.9 0.6 0.1 0.6 1.5 28.3 2.5  
1 30 FO(As) 63 2.3 4.2 0.4  0.5 0.6 27.3 1.5  
1 32 FO(As) 66 2.0 1.7 0.8 0.1  0.7 28.3 0.6  
1 34 FO(As) 65 0.6 2.4 0.1 0.2  0.4 29.6 0.6  
1 37 FO(As) 65   2.8   4.2 19.6 8.0  
1 38 FO(As) 61   0.8 1.3  3.8 24.0 9.6  
1 39 FO(As) 67 1.0 0.7 0.3  0.2 0.9 27.6 1.7 0.8 
1 40 FO(As) 66 1.2 0.5 0.4 0.2  0.8 28.9 1.7 0.3 
1 43 FO(As) 64 0.5 2.6 0.6   0.6 30.6 1.0  
1 51 FO(As) 57 0.7 2.2 0.8 0.4  3.3 28.5 6.7 0.3 
1 52 FO(As) 49 0.8  0.9   8.2 28.5 11.7  
1 55 FO(As) 66 1.0 1.5 0.5 0.2 0.1 1.1 27.8 1.7 0.1 
1 56 FO(As) 64 2.8 3.7 0.3  0.6 1.0 25.3 1.8  
1 58 FO(As) 54 4.9 12.9    1.0 21.0 2.0  
1 64 FO(As) 62 2.0  0.5 1.4  2.4 28.0 2.5 0.5 
1 66 Jaro 63 3.3 4.7  8.9 5.3  15.3   
1 72 FO(As) 61 2.8 3.9 1.1   0.8 28.4 1.0 0.3 
1 73 FO(As) 62 2.0 3.0 1.1 0.1 0.3 0.9 29.1 0.9 0.3 
1 76 FO 67 0.3 2.6 1.1  0.1 0.4 28.4   
1 77 FO 61 1.5 4.9 0.7 0.1 0.2 0.6 30.8   
1 82 FO(As) 61 2.6 3.5   0.1 0.6 31.0 1.1  
1 90 FO(As) 61 2.3 4.3 1.0  0.2 0.7 28.8 1.0  
1 92 FO(As) 65 1.2 1.0 0.7   1.4 27.9 2.7  
1 93 FO(As) 64 1.4 0.2 0.7 0.1  1.7 28.7 2.8 0.1 
1 94 FO(As) 66 1.2 0.4 0.7   1.5 27.6 2.8 0.1 
1 104 FO(As) 66 2.3 1.4 1.4   0.9 27.5 0.8  
1 106 FO(As) 64  0.5    0.1 34.8 0.3  
1 107 FO(As) 66 2.5 0.5 0.9 0.1  0.9 27.8 1.0 0.1 
1 108 FO(As) 67 2.2 0.6 1.0 0.2  0.8 27.5 1.1  
1 114 FO(As) 65  1.7  0.2  0.7 31.3 0.5  
2 12 FO 62 4.7 5.2 0.2  2.4 0.4 13.2 7.1  
2 13 FO(As)  66  1.7    0.2 31.4 0.9  
2 14 FO(As)  66  1.0    0.2 31.4 1.1  
2 15 FO(As)  67 4.7 6.9 0.2  1.4 0.3 18.2 0.4  
2 16 FO(As)  68 3.1 5.0 0.2  0.8 0.4 21.8 0.7  
2 18 FO(As)  68 1.8 2.9 0.1  0.4 0.3 25.7 0.5  
2 24 FO(As)  65 4.1 2.2 1.1 0.2 0.3 1.6 20.9 1.9  
2 26 FO(As)  64 3.9 2.1 1.1 0.3 0.2 1.6 21.8 1.9  
2 29 FO  65 2.4 4.3 0.2  0.4 0.2 27.7   
2 30 FO  68 1.5 3.1 0.2   0.2 27.1 0.3  
2 31 FO  59 1.7 3.5 0.2  0.1 0.3 34.6   
2 32 FO  68 1.3 4.0   0.2 0.2 26.4   
2 38 FeAsO4 71 1.4 0.4 1.5   0.7 14.9 9.8  
2 39 FeAsO4 71 1.2   1.2     0.4 13.3 12.3   
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Much of the FO observed were associated with silicate minerals, where FO acts as a 
cement for minerals from the schist. An image of one of these cemented grains from the 
pin-stub prepared sample can be seen in Figure 4.13. A similar type of grain can be seen 
in cross section in Figure 4.14, where quartz, albite and rutile are cemented by FO with 
associated arsenic. Figure 4.14 also shows a grain where an alunite/jarosite solid 
solution cements muscovite and albite.  The alunite/jarosite solid solution had a 
measured composition of 8.64 at.% S, 3.25 at.% Al, 5.3 at.% K, 15.37 at.% Fe with 4.69 
at.% S. Figure 4.15 shows large grains of muscovite cemented with the ferric 
oxyhydroxide and arsenic. FO with arsenic was also seen coating a grain of muscovite in 
the pin stub sample (Figure 4.16). 
 
 
Figure 4.13: Backscatter electron image of an iron oxide grain. Sample from the mixed tailings impoundment 
at Macraes gold mine, at 44.4-5 m depth. White box indicates subsequent image, where desiccation cracks in 




Figure 4.14: Left image shows an amalgamation of minerals in the shallow sample from the MTF, with quartz, 
rutile and albite cemented together by iron hydroxide with associated arsenic. Right image shows albite and 
muscovite with a jarosite/alunite solid solution.  
 
 
Figure 4.15: Backscatter electron images of large, cemented grains from the shallow tailings of the MTF. The 
grains show muscovite grains surrounded by ferric oxyhydroxide (FeO), which has associated arsenic (As).  
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Figure 4.16: Backscatter electron image of iron oxyhydroxide coating on a piece of schist. Sample from the 




Figure 4.17: Backscatter electron images of ferric oxyhydroxide around quartz grains in the shallow MTF 
sample. In the left image the thin grain of ferric oxyhydroxide had no arsenic associated, the ferric 
oxyhydroxide in the right image had ~2.5 at% arsenic.   
 
Sulphides 
While less abundant than in the deep (77 m) sample, arsenopyrite and pyrite were both 
observed in the shallow (44 m) sample of the MTF tailings (Figure 4.18).  
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Figure 4.18: Backscatter electron images of pyrite and arsenopyrite in the shallow (44 m) sample from the 
MTF.  
 
Table 4.7: SEM-EDS measurements of arsenopyrite and pyrite from the shallow tailings sample from the MTF. 
Concentrations in at.%.  
 
 S Fe As Tl 
Spectrum 69 Arsenopyrite 35.4 31.2 33.3   
Spectrum 70 Arsenopyrite 35.3 32.7 32   
Spectrum 74 Pyrite 63.6 34.5 0.8 1.2 
 
Scheelite and rutile 
As with the deep tailings sample, scheelite (CaWO4) was observed in the shallow sample. 
It was observed in grainsizes of up to 50 μm. Rutile (TiO2) was also observed in grain 
sizes up to 50 μm. 
Table 4.8: EDS measured compositions of scheelite and rutile grains from the shallow (44 m) MTF sample in 
at.%. 
Spec.   O Al Si K Ca Ti Fe Sr Nb W 
49 Rutile 67     32.5 0.2    
79 Rutile 67 0.4 0.8 0.1 0.1 31.0 0.6   0.2 
80 Rutile 66 0.4 0.7   32.0 0.6  0.1 0.3 
81 Scheelite 62    17.5   2.5  18.1 
88 Rutile 65     33.5 1.0  0.1 0.3 
96 Rutile 66 0.2 0.3 0.1  33.3 0.2    




Figure 4.19: Backscatter electron images of scheelite in the shallow tailings sample from the MTF. Image a) 
shows scheelite in a larger grain of schist in the pin stub prepared sample. Image b) shows a grain of scheelite 
in the polished briquette sample.   
 
REE phosphate  
Monazite was the only phosphate mineral observed in SEM-EDS analysis of the shallow 
(44 m) sample of tailings from the MTF (Figure 4.20). 
Table 4.9: Spectrum of monazite in the shallow tailings sample from the MTF in at.%.  
Spectrum Label O Si P La Ce Nd 
Spectrum 224 66 0.9 18.1 4.4 7.9 3 
 
 




Surface TTTF Sample 
A sample from the surface of the ‘Top Tipperary Tailings Facility’ (TTTF) was collected 
in June 2019. The sample was grey and fine grained in hand sample.  
 
Oxides 
Ferric oxyhydroxides appeared less abundant in the TTTF surface sample than the 
shallow sample from the MTF. Many minerals with an iron oxide composition were 
associated with magnesium, indicating they are likely to be the magnesioferrite spinels 
as seen in the deep sample from the precursor sediment and not secondary iron oxides 
as a result of mining activity. Some iron oxides, likely to be ferric oxyhydroxides were 
observed, but unlike those observed in the shallow sample in the MTF, these were 
generally not associated with arsenic. Some EDS readings showed oxide minerals with 
arsenic (3-9 at.%) and sulphur (0.8-10 at.%), likely to be microcrystalline mixes of ferric 
sulphates and ferric arsenates, as observed in the autoclave scales. 
 
Figure 4.21: Backscatter electron images of ferric oxyhydroxides in the surface sample from the TTTF.  
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Figure 4.22: Backscatter electron images of ferric oxyhydroxides in the surface sample from the TTTF.  
 
Table 4.10: Compositions of oxides observed in the surface tailings sample from the TTTF by SEM-EDS analysis 
in at.%.  
Label   O Mg Al Si P S K Ca Mn Fe As 
157 MagFe 70 9.9 0.4 0.6    0.3 0.4 18.6  
158 MagFe 70 9.2 0.3 0.7    0.4 0.3 19.6  
166 MagFe 68 4.8 1.0 1.7 
  
0.3 1.6 0.3 22.0 
 
169 MagFe 70 9.4      0.3 0.3 20.3  
172 MagFe 67 6.9 0.5 0.5    0.8 0.3 23.5  
177 MagFe 69 7.2 1.3 1.6    0.6 0.4 20.3  
188 MagFe 69 6.6 
 
0.3 
   
0.6 0.5 22.6 
 
194 MagFe 70 8.2 1.0 1.4 
  
0.3 0.4 0.3 18.5 
 
206 FeO 72 







207 FeO 72 





208 FeSO4/FeAs 70 
 





209 FeO 71 
 
0.2 0.3 





212 FeSO4/FeAs 68 
 
1.1 1.1 0.5 6.1 
   
15.3 7.6 
213 FeO 71 1.7 1.3 1.7 0.3 
 
0.4 1.1 0.2 22.5 
 
214 FeO 72 
   
0.5 
  
2.4 0.6 24.5 
 









216 FeSO4/FeAs 68 
 
0.9 1.4 0.5 6.2 
   
14.9 7.7 
217 FeSO4/FeAs 69 
 
0.9 1.4 0.4 6.0 0.2 
  
14.7 7.7 
220 FeO 70 5.8 
 
0.3 
   
0.6 1.8 21.2 
 
221 FeO 71 4.8 0.7 1.0 
  
0.2 0.5 1.1 20.6 
 










228 FeO 69 8.5 0.7 0.9 
  
0.2 0.9 0.2 19.2 
 
229 FeO 71 
   
0.2 
  
1.7 3.2 23.9 
 




1.6 0.6 25.7 
 
231 FeO 71 
   
0.3 
  
1.6 0.9 25.9 
 




2.5 0.9 23.2 
 
235 FeAs/FeSO4 68   1.3 0.7 0.4 5.3       15.0 8.9 
 
Sulphides  
Both arsenopyrite and pyrite were observed in the surface sample from the TTTF (Table 
4.11). A grain of sphalerite (ZnS) was also observed. The sulphides occurred both as 
individual grains (up to 50 μm) and within larger silicate grains (Figure 4.23).  
 
Figure 4.23: Arsenopyrite in the surface TTTF tailings sample. A) and B) show arsenopyrite grains of variable 
size in a silicate host rock, C) shows an arsenopyrite grain apparently unattached to other rock. 
 
Table 4.11: Composition of sulphides in the surface sample from the TTTF. Minerals identified include Py – 
pyrite, As -arsenopyrite and Sph – sphalerite (ZnS). Concentrations in at.%.  
Label   O Na Al Si S Fe Zn As Mo Pb 
151 Py     65.7 31.9  2.4   
155 Py     65.7 33.3   1.1  
156 Py     66.7 33.3     
160 Py     66.8 32.7     
173 Py    0.8 57.4 28.8  6.6  6.4 
238 AsPy    0.4 36.9 31.2  31.6   
239 AsPy     37.1 32.3  30.6   
240 AsPy 14  1.7 2.7 29.4 27.1  24.2   
243 AsPy     36.8 32.1  31.1   
244 AsPy     36.0 32.2  31.8   
245 AsPy     36.5 32.2  31.3   
 85 
246 AsPy     35.8 32.2  32.0   
211 AsPy     36.3 32.6  31.1   




The 44 m MTF sample had enriched calcium concentrations identified via handheld XRF 
analysis. This lines up with observations from Craw and Pope (2017) where greater 
concentrations of Ca were observed in surrounding waters in the transition to pressure 
oxidation autoclave processing, where lime is added to control pH. Most other elements 
appeared fairly uniform between the deep and shallow MTF samples as measured by 
handheld XRF.  
 
4.4.1. Environmental implications 
Arsenic is the most environmentally significant element that occurs in substantial 
quantities the tailings, so the mineralogy and stability of arsenic is important for the 
environmental management of the tailings. In the deep tailings of the MTF, arsenic was 
only found in arsenopyrite (~33 at.%), pyrite (<1 at.%) and one grain of cobaltite (~33 
at.%). There was no evidence of weathering of sulphides, with no alteration rims 
observed. The tailings studied here were taken from the base of the MTF, meaning they 
were ~20 years old. Typically arsenopyrite weathering is observed over longer time 
periods >70 years, with significant weathering of arsenopyrite and pyrite often seen in 
abandoned mine tailings which have not had ongoing management (Murciego et al., 
2011, Parviainen, 2009). Arsenopyrite should be chemically stable in long term storage 
of mine tailings as long as the tailings remain water saturated and moderately reduced 
(Craw et al., 2003). 
 
In the shallow sample from the MTF, arsenic was primarily observed in association with 
ferric oxyhydroxide in concentrations between 0.5-11.7 at.%. Only one example of ferric 
oxyhydroxide had no arsenic associated. One example of iron arsenate was observed in 
the shallow sample, approaching the 1:1 ratio of As:Fe of scorodite. From this study it 
appears the arsenic from autoclave processing is primarily adsorbed on ferric 
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oxyhydroxides, although it is possible some spectra are picking up mixes of fine grained 
scorodite and iron oxide minerals. Solid solutions are also common in autoclave 
oxidised material, which can complicate mineral identification (Craw 2006, Kerr et al., 
2017).  
 
The absorption of arsenic onto FOs is common in mining environments, and often used 
to attenuate aqueous arsenic (Courtin-Nomade et al., 2003). This is a highly effective 
method of attenuation, but care needs to be taken to ensure conditions do not change to 
de-sorb the arsenic (Dong et al., 2012). Ferric oxyhydroxides such as ferrihydrite may 
evolve over time to more structured minerals such as goethite, releasing arsenic ions 
(Fuller et al., 1993). In orogenic mining environments such as Macraes, where tailings 
storage generally has neutral pore water (Figure 4.5). Smedley and Kinniburgh (2001) 
define two distinct triggers that can lead to the release of As on a large scale from 
absorption sites on metal oxides. One is the development of a high pH (>8.5) in semi-
arid or arid environments, the other trigger is the development of strongly reducing 
conditions at circum-neutral pH values.  
 
The surface sample in the MTF showed both less abundant iron hydroxides than the 44 
m sample and a lack of arsenic associated with most readings of the iron oxyhydroxides. 
This contrast may indicate that the adsorption of arsenic to the ferric oxyhydroxides 
occurs over time as high arsenic water percolates through the tailings.  
 
The presence of sulphides in the shallow tailings of the MTF and surface tailings of the 
TTTF was unexpected, as theoretically all sulphides should have been processed in the 
autoclave and transformed to the oxidised material. The results here are supported by 
Christenson et al., (2018) who, through sequential extraction, found evidence that a 
small portion of As in the 44 m tailings from the MTF was bound to sulphides. 
 
The presence of sulphides stored with oxidised material has implications for the 
potential release of sulphate, iron and arsenic. There is evidence that the presence of 
unreacted sulphides may increase the breakdown of ferric oxyhydroxides when they 
are stored together. Harris (2000) suggested that minerals formed in the autoclave at 
220°C in an operation in Canada, are slowly decomposing to release trivalent arsenic 
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into the environment due to the presence of unreacted sulphides in combination with 
the anaerobic environment of the tailings creating a reducing environment. Release of 
arsenic from the pyrite and arsenopyrite should also be considered, as pyrite and 
arsenopyrite are stable in different conditions to the oxidised arsenic bearing material 
(Vear et al., 1981). 
 
4.4.2 Resource implications 
Ore processing always misses some gold, so tailings are often re-mined when extraction 
techniques improve. Tailings therefore should be stored as resources for the future. 
Improved gold recovery after the introduction of the pressure oxidation autoclave has 
already lead to the reprocessing of sulphide concentrate at Macraes (Craw et al., 2017). 
 
Gold 
As expected, there were significant sulphides in the deep samples from before the 
pressure-oxidation autoclave was used. No gold was identified in SEM analysis, but the 
presence of particularly abundant sulphides in the deep samples indicates there is likely 
remaining gold at depth. Unexpectedly, there were also sulphides in the shallow sample 
in the MTF and surface sample of the TTTF. These would have been missed in the 
flotation process and sent out to the tailings with the rest of the schist. Missing sulphides 
from gold processing implies that some gold has been missed in processing. 
 
Tungsten, titanium and rare earth elements 
The most significant secondary resource at Macraes is tungsten (W), present in 
scheelite. The W mineralisation generally follows gold mineralisation at Macraes, but 
occurs in concentrations ~3 orders of magnitude higher (MacKenzie et al., 2017) . Since 
scheelite is not a sulphide it requires different treatment to process it, and most 
scheelite in the tailings would have been removed in the flotation process and therefore 
would not have undergone the secondary crushing and autoclave processing, as seen by 
the larger grainsizes up to 50 μm. The tailings may be assessed as a future resource of 
tungsten, and as with gold, stored for future extraction. 
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Xenotime and monazite were seen across the three depths of tailings assessed. Monazite 
was seen to host ~25 wt.% Ce, 12 wt.% La,12 wt.% Nd, 3 wt.% Pr, 3 wt.% Sm and 2 wt.% 
Gd. As with most occurrences of rare earth phosphates, their concentration in the host 
rock is unlikely to be profitable for extraction.  
 
4.5 Conclusions 
Arsenic is predominantly in arsenopyrite and in trace concentrations in pyrite in tailings 
from before 1999 at Macraes. In tailings after autoclave processing was introduced 
arsenic is primarily adsorbed or co-precipitated with ferric oxyhydroxide up to 10 at.%. 
There are significant quantities of sulphides (arsenopyrite and pyrite) in the tailings 
from after implementation of autoclave processing, showing they should still be 
accounted for when assessing the environmental risk of the tailings.  
A surface sample of the TTTF tailings showed less ferric oxyhydroxide occurrence and 
less FO with arsenic associated with it than the 44 m sample in the MTF. This may 
indicate the precipitation of FO and adsorption of arsenic occur with time and high iron 




Chapter 5 Water rock interactions in waste-
rock stacks and tailings 
5.1 Introduction  
Highly elevated aqueous sulphate is a common issue in waterways around mines with 
sulphide mineralization (Amos et al., 2015, Bowell, 2004). This is due to the oxidation 
of exposed sulphides, which produces sulphuric acid (Akcil and Koldas, 2006). At many 
orogenic gold mines such as Macraes gold mine in Otago, the sulphuric acid is 
neutralised by calcite in the host rock, leaving high concentrations of sulphate in a 
circum-neutral solution. Waste rock stacks are made of the excess material excavated 
from the mine but not processed due to low levels of gold mineralisation. At Macraes, 
water that drains from the waste rock stacks has become increasingly enriched in 
aqueous sulphate over time, to the extent that the environmental compliance guidelines 
are being exceeded.  
 
The environmental issues presented by waste rock stacks can be quite different to the 
issues presented by tailings at the same site (Blowes, 1997). Tailings are often seen as 
the more environmentally hazardous material due to their fine grain size and the fact 
that the mineralised zones generally have higher concentrations of arsenic-, iron- and 
sulphate-producing material. There may also be added contaminants used in the 
extraction of ore which end up in tailings storage such as cyanide, leaching agents and 
flotation reagents (Ritcey, 2005). The mineralogy of the material in the tailings at 
Macraes is also different to the waste rock as the sulphides are transformed through 
processing in the pressure oxidation autoclave to various oxidised minerals such as iron 
hydroxides and calcium sulphates (Craw, 2006). Waste rock stacks can also be a 
significant environmental risk as they may contain significant sulphides which will be 
readily oxidised in the open structure of the stack (Blowes, 1997).  
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This chapter builds on work from Craw (2000) and Craw and Pope (2017) in using the 
extensive water data collected since the 1990s at Macraes to assess how water-rock 
interactions in waste-rock are influencing drainage waters. This chapter will focus on 
water rock interactions in the waste-rock stacks over time and identify markers for 
whether water is tailings influenced or from waste-rock.  
 
At Macraes, tailings walls are constructed from waste rock material. When a seep of high 
sulphate water occurred in the wall of the Top Tipperary tailings dam, it was initially 
unclear whether the water was primarily tailings water or drainage from the waste-rock 
constructed wall of the tailings dam. This chapter compares geochemical signatures of 
this water to known waste-rock waters to identify markers of tailings input. It will also 
assess how concentrations of key ions have changed in waters surrounding waste rock 
stacks over time and discuss the origin and mobility of elements from the waste-rock.  
 
5.2 Background 
The Macraes gold mine site stretches ~12 km along strike of the Hyde-Macraes shear 
zone. This area encompasses multiple pits, waste-rock stacks, and tailings storage 
facilities. This chapter focuses on water quality from around Frasers West Waste Rock 
Stack (FWWRS) and the Top Tipperary Tailings Facility (TTTF) (Figure 5.1).  
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Figure 5.1: The footprint of Macraes gold mine (satellite image date: 11/11/2019) showing the 
decommissioned Mixed Tailings facility (MTF), Frasers Pit (FP), Frasers West Waste Rock Stack (FWWRS) and 
Top Tipperary Tailings facility (TTTF). Inset shows a closeup of Frasers West WRS with the downstream 
Murphys Creek Silt Pond (MCSP). 
 
5.2.1 Waste rock composition  
Waste rock stacks are composed of the overburden material that is not sufficiently 
mineralised for processing and gold extraction. The waste rock stacks at Macraes are 
made of unmineralized (host rock) and weakly mineralised rock, stacked in piles of up 
to 100 m depth (Craw and Pope, 2017). The composition of the waste rock is greenschist 
facies quartzofeldspathic rocks comprising quartz, albite, muscovite, chlorite, epidote, 
rutile, pyrite and calcite +- graphite (Brown, 1967, Craw et al., 1999). The piles contain 
rocks of widely varying sizes from sand sized particles to large boulders (Figure 5.2).  
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Figure 5.2: An active waste rock stack at Macraes gold mine showing the variable sizes of the broken schist.  
 
The host rock at Macraes is mineralised with pyrite, so both host rock and mineralised 
rock are enriched in sulphur up to 1 wt%, compared to regional background 
concentrations 0.1 wt% (Craw, 2002). In the host rock, the sulphur occurs as pyrite, 
while in the mineralised rock it occurs as pyrite and arsenopyrite (Craw, 2002). Calcite 
occurs at 2-10% in the schist at Macraes (Craw and Pope 2017). The host rock and 
mineralised rocks are elevated in magnesium and iron compared to regional schist due 
to the higher proportion of mafic and ultramafic material in the host rocks (Craw and 
Angus, 1993). The main Mg-hosting mineral at Macraes is chlorite (Craw and Mackenzie 
2016).  
 
An onsite field investigation (Figure 5.2) found abundant pyrite on the surface of schist 
found in a waste rock pile (Figure 5.3). The pyrite was observed as coarse, cubic crystals 
and in fine grained disseminated and cloud styles. Muscovite, chlorite, quartz, feldspar 
and calcite were also observed.  
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Figure 5.3: Waste rock found in a waste rock stack at Macraes (Figure 5.2). Pyrite can be seen with both cubic 
and cloud styles of mineralisation amongst muscovite, chlorite, quartz and feldspar.  
 
Exposed pyrite will react with oxygen and water to form sulphuric acid and iron 
oxyhydroxide. The overall reaction of pyrite breakdown to sulphuric acid is given in 
equation [1].  
 
[1]  4FeS2 + 15O2 + 14H2O → 4Fe(OH)3- + 8H2SO4 
  
At Macraes, the sulphuric acid then reacts with the calcite in the schist, leaving aqueous 
sulphate in a circum-neutral solution. The nature of this calcite dissolution depends 
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upon the conditions of the reaction. If atmospheric carbon dioxide is available 
dissolution occurs with carbon dioxide and water to produce two bicarbonate ions for 
each calcium ion seen in equation [2] (Stumm and Morgan, 1981). In saturated 
environments where atmospheric CO2 is not available, the dissolution occurs as reaction 
[3] (Stumm and Morgan, 1981). Bicarbonate ions may also react with hydrogen ions to 
produce carbon dioxide and water (equation [4]).  
 
[2] CaCO3 + H2O + CO2 → Ca2+ + 2HCO3- 
[3] CaCO3 + H+ → Ca2+ + HCO3- 
[4] HCO3- + H+ → H2O + CO2 
 
Craw (2000) reported a mix of reactions [2] and [3] occurring in tailings at Macraes from 
the ratios of Ca and HCO3. The other key mineral that provides acid neutralisation at 
Macraes is chlorite, which consumes H+ ions when weathering to smectite minerals 
(Craw, 2000). OceanaGold periodically tests the waste rock onsite for acid neutralising 
capacity and has consistently shown the rocks to be acid neutralising. The acidification 
and neutralisation occur on a millimetre scale, so widespread acidic waters do not exist 
at this site.  
 
5.2.2 Tailings composition  
As presented in Chapter 4, the tailings are composed of crushed schist (chlorite, 
muscovite, feldspar, quartz) and pressure-oxidation processed material that includes Fe 
sulphates, Ca sulphates, K/Fe sulphates, As sulphates and Fe/As-hydroxides. The Fe/As-
hydroxides provide adsorption sites for mobile arsenic in the tailings waters (Craw and 
Pope 2017).  
 
Various additives are used in the processing of the ore. Lime is added in processing to 
control pH in the acid-producing pressure oxidation autoclave roasting. Sodium is used 
in various stages of the processing of ore before the waste is deposited in tailings. 
Sodium Isobutyl Xanthate (CH₃CH₂OCS₂Na) is used as a flotation agent in the processing 
of ore, sodium cyanide (NaCN) is used in the leaching process and sodium metabisulfite 
(Na2S2O5) is used in the cyanide destruct process. Approximately 100 t of sodium 
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isobutyl xanthate, 45 t of sodium cyanide, and 30 t of sodium metabisulphite are used in 
these processes each month (per. comm. Tom Snow). 
 
The concentrations of cyanide and arsenic are two key differences which have been used 
previously by OceanaGold to identify tailings water at Macraes. Cyanide (CN-) is used in 
the processing of the ore and remains in some tailings samples. However, cyanide 
degrades in sunlight and through volitization in tailings ponds (Kuyucak and Akcil, 
2013); with abundant UV radiation all year round at Macraes, cyanide generally will not 
remain in the decant pond (Craw and MacKenzie, 2016). Arsenic concentration is a key 
geochemical difference in the nature of the tailings material and material in the waste 
rock stacks as the waste rock stacks do not contain significant amounts of arsenopyrite, 
which only occurs in the mineralised zone (Craw et al., 1999).  Arsenic is not an ideal 
indicator for identifying tailings-influenced water due to attenuation processes that 
occur in tailings storage. As Craw and Pope (2017) found, the Fe-oxyhydroxides in the 
tailings storage provide effective attenuation of arsenic through adsorption, so once the 
wasters percolate through the tailings facilities they generally have low arsenic 
concentrations. 
 
5.2.3 Water quality compliance guidelines 
The waterways around Macraes are regulated by the Otago Regional Council (ORC). The 
mine site has tributaries of multiple rivers within and around its footprint. The 
southwestern third of Macraes mine intersects the catchment of the drainage system of 
the North Branch Waikouaiti river (NBWR) (Golder 2011). Murphys Creek is a tributary 
of the NBWR. Cranky Jims Creek, which sits to the north-east of the Top Tipperary 
tailings dam, is a tributary of the Shag River. 
 
Relevant compliance points to the sites assessed require arsenic, cyanide, copper, iron, 
lead, zinc, sulphate concentrations to remain below the values in Table 5.1. MC01 has a 





Table 5.1: Water quality compliance criteria at the relevant compliance points to this project.  
 Murphys Cranky Jims 
 MC01 CJ01 
Potential use Stock 
watering 
Stock watering 
pH 6-9.5 6-9.5 
Arsenic 0.15 0.15 
Cyanide - 0.1 
Copper 0.009 0.009 
Iron 1 1 
Lead 0.0025 0.0025 
Zinc 0.12 0.12 
Sulphate 1000 1000 
 
Murphys Creek had a higher calcium and sulphate background concentration than 
Cranky Jims Creek and as shown by Golder (2011) (Table 5.2). Golder used data from 
the monitoring at the start of the Macraes gold mine development and states that the 
‘baseline’ value for NBWR/Murphys may have been influenced by mining due to its 
elevated sulphate value.  
 
Table 5.2: Background water quality for relevant Macraes waterways from Golder (2011). 
 Tipperary/McCormicks/ 
Cranky Jims (g/m3) 
NBWR/Murphys 
(g/m3) 
Arsenic 0.005 0.007 
Sulphate 4 47 
Cyanide 0.005 0.005 
Copper 0.002 0.001 
Iron 0.5 0.1 
Lead 0.001 0.001 
Zinc 0.005 0.005 
Sodium 11 13 
Potassium 2 2 
Calcium 10 36 
Magnesium 4 12 




Water data has been collected by OceanaGold at their monitoring sites since the 1990s. 
As described by Craw and Pope (2017), OceanaGold have collected samples in polythene 
bottles and had them analysed at either Hills laboratories in Christchurch or 
Chemsearch at University of Otago by inductively coupled plasma mass 
spectrometry (ICP-MS) and inductively coupled plasma optical emission spectrometry 
(ICP-OES). Routine water testing includes alkalinity (g/m3 as CaCO3), EC (mS/m), nitrite, 
sum of anions, sum of cations, pH, carbonate alkalinity, alkalinity – bicarbonate, 
hardness, and concentrations of arsenic, chloride, sulphate, calcium, magnesium, 
potassium and sodium. 
 
5.3.1 Water monitoring sites 
This project assesses three monitoring points in Murphys Creek, which is downstream 
of Frasers West waste rock stack (FWWRS). Murphys Creek silt pond (MCSP) is closest 
to FWWRS, whereas MC100 is a compliance point approximately 100 m downstream 
and MC01 is approximately 1 km downstream (Figure 5.4). Water has been measured 
at the MCSP and MC100 compliance point since 2005 and at MC01 since 2003, when 
expansions of FWWRS began in the area. MCSP has little dilution from sources that do 
not drain through the FWWRS. The downstream monitoring points MC100 and MC01 
provide information for how the water behaves with dilution from regional waters. 
 
This project also assesses CJ01, downstream of the Top Tipperary Tailings Facility 
(Figure 5.4). CJ01 has been monitored since 2012, before the tailings facility was 
constructed in 2013. This site provides further information on an upstream site called 
Cranky Jims Sump (CJS) which was originally a seep in the wall of Top Tipperary Tailings 
facility that occurred in 2018 with an originally ambiguous water source. It wasn’t 
known whether the water in the water in the seep was primarily influenced by water 
from the waste rock walls of the dam or the tailings. The sump was created to contain 
the seep. It is not a formal monitoring point so only has limited water data.  
 
For secondary water comparisons data from Frasers West silt pond (FWSP) has been 
assessed. This silt pond has been associated with waste rock stacks longer than Murphys 
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Creek, with the FWWRS built in that direction first, the site has been monitored since 
1998.  
 
A site with drainage water from the Top Tipperary Tailings facility; called Top Tipperary 
Tailings seepage (TTTS) has been used to compare known tailings water to the water 
geochemistry at Murphys Creek and Cranky Jims. The water monitoring locations 
assessed in this chapter are summarised below in Figure 5.4 and Table 5.3. 
 
 
Figure 5.4: A map of the south end of Macraes gold mine, adapted from Craw and Pope (2017). Relevant water 






Table 5.3: Water monitoring locations discussed in this chapter with the acronym used, site description and 
monitoring period. 
Site Description Monitored since 
MCSP Murphys Creek silt pond 2005 
MC100 Murphys Creek compliance point 1 2005 
MC01 Murphys Creek compliance point 2 2004 
FWSP Frasers West silt pond 1998 
CJS Cranky Jims sump 2019 
CJ01 Cranky Jims compliance point 2012 
TTTS Top Tipperary Tailings seep 2014 
 
5.3.2 Data analysis  
Waters in and around Macraes have been measured on a regular basis since the 1990s, 
providing extensive datasets on the geochemistry of the waterways. These data for the 
sites mentioned above have been plotted as time series for the key dissolved 
components to see how water-rock interactions in tailings and waste rock have 
developed over time. 
 
Ratios of key elements to sulphate were calculated to assess how major measured 
elements have changed in relation to sulphate over time. To investigate how acid 
neutralisation through calcite and chlorite degradation in the waste rock stacks has 
changed, ratios of calcium and magnesium have been assessed. MCSP data was used as 
it is strongly influenced by FWWRS and has little dilution from regional waters.  
 
Geochemist’s Workbench (GWB) was used to produce a Piper diagram with water data 
from 2005 – 2019 to assess how the overall water quality had changed over time. In the 
water monitoring at Macraes, alkalinity – bicarbonate is measured as g/m3 as CaCO3. To 
transfer that to bicarbonate concentration as HCO3- for creating the Piper diagram, the 
concentration as CaCO3 was multiplied by 1.22 for the equivalent concentration as HCO3- 
 
To identify geochemical differences between tailings waters and waste-rock waters, 
element concentrations in each were compared to identify trends in element 
concentrations for each water category. These were compared with Cranky Jims Sump 
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and CJO1 water samples to assess whether those waters are more influenced by the 
waste-rock tailings dam or the tailings themselves. To compare the overall geochemical 
similarity of tailings waters, Murphys Creek waters and Cranky Jims Creek waters, 
principal component analysis (PCA) was used with data from MCSP, MC100, MCSP, CJ01 
and TTTS. CJS waters were excluded due to low sample numbers. The variables were 
scaled and centred before analysis and the analysis was performed with the precomp 
function in R (R Core Team 2019).  
 
5.4 Results 
5.4.1 Geochemical time series   
Murphys Creek (MCSP, MC100 and MC01) 
Sulphate has increased in concentration in Murphys Creek silt pond and downstream 
monitoring points from 2003 – 2019 (Figure 5.5). The downstream monitoring points 
MC100 and MC01 show high variability, with concentrations that may be much lower 
than MCSP or approaching the same concentration in the same time period. The average 
sulphate concentration over the whole monitoring time period in MCSP was 1281 g/m3, 
MC100 was 658 g/m3 and MC01 was 510 g/m3. The compliance value for sulphate in 
MCO1 is 1000 g/m3. 
 
Figure 5.5: Sulphate concentrations in g/m3 in Murphys Creek Silt Pond (MCSP) and downstream compliance 
points MC100 and MC01 from 2003/04 – 2019. Dotted line indicated 1000 g/m3 compliance value for sulphate 
























Two of the components with the highest concentrations in waters at MCSP are 
bicarbonate and sulphate. Figure 5.6 shows bicarbonate alkalinity and sulphate over 
time at MCSP. While bicarbonate alkalinity initially was higher than sulphate, by 2009 
sulphate has been consistently higher than alkalinity, and has continued to rise at a 
greater rate.  
 
Figure 5.6: Alkalinity and sulphate concentrations in MCSP from 2005-2019. Sulphate in g/m3 and alkalinity as 
g/m3 as CaCO3. 
 
Other key monitored elements in the MCSP have also increased over time. Ca and Mg 
are the next most abundant measured ions after bicarbonate alkalinity and sulphate 
(Figure 5.7), while K and Na also show increases (Figure 5.8) 
 

















































Figure 5.8: K and Na concentrations in the MCSP from 2005-2019 in g/m3. 
 
Frasers West 
Frasers West Silt Pond and MCSP have both shown increases in sulphate concentrations 
over the monitoring period. Frasers West now has higher concentrations of sulphate 
than MSCP, generally reaching 3000-6000 g/m3 since 2014. Murphys Creek silt pond 
started exceeding 3000 g/m3 mid 2018 (Figure 5.9). 
 
Figure 5.9: Sulphate concentrations at Murphys Creek silt pond and Frasers West silt pond over time. 
Monitoring began in 1998 for Frasers West silt pond and 2005 for Murphys Creek silt pond. 
 
Top Tipperary Tailings Seep (TTTS) 
Sulphate concentrations at the TTTS have remained consistent over the monitoring 
period (Figure 5.10) with an average of 3205 g/m3. Two outlier concentrations occurred 
















































Figure 5.10: Sulphate concentrations at Top Tipperary Tailings Seep (TTTS) over its monitoring period from 
2014 – 2019.  
 
Cranky Jims (CJ01) 
The compliance point at Cranky Jims Creek (CJ01) began being monitored in 2012 with 
the building of the Top Tipperary Tailings facility. Sulphate remained at near-
background levels until a seep formed in the tailings wall in April 2018 (Figure 5.11), 
increasing the downstream CJ01 from background levels (~5-20 g/m3) to 920 g/m3 of 
sulphate. Once a sump was created to store most of the outflowing water, 
concentrations decreased in May 2019 but have not returned to background levels.  
 











































2.4.2 Element relationships 
Murphys Creek 
The ratio of sulphate to most other measured ions has increased between 2005-2019 
(Figure 4.12). The only component which has also increased at the same rate as 
sulphate, maintaining a consistent ratio, is Mg. Alkalinity, K, Na and Ca concentrations 
have all decreased relative to sulphate concentrations. Nitrogen (nitrate and nitrite) 
measurements normally only occurred once a year and have not shown a consistent 
trend.  
 
Figure 5.12: Ratios of measured aqueous components to sulphate over time. Sulphate and magnesium have 
remained at a consistent ratio over the monitoring period, while sulphate has risen in proportion to alkalinity, 
K, Na and Ca over the monitoring period.  
 
To see how ion concentrations in recently measured water at the MCSP compares to 
background levels identified by Golder (2011) in Table 5.2, a water quality 
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measurement from 3/7/2019 (sulphate 3200 g/m3) was used. This sample had sulphate 
levels at 68 times background levels, Mg at 71 times background levels, Ca is 8.6 times 
background levels, K is 9.9, Cl 1.1 and sodium at 4.8 times background levels. 
Comparing element ratios at MCSP and FWSP to assess similarities between different 
drainage from the same waste rock stack showed that both silt ponds have similar 
element ratios, FWSP showed higher amounts of sulphate and magnesium but they 
continued on the same trend (Figure 5.13).  
 
Figure 5.13: Sulphate and magnesium concentrations in g/m3 at MCSP and Frasers West SP.  
 
The geochemical composition of water in MCSP has changed over the past 15 years of 
monitoring. The Piper diagram in Figure 5.14 summarises changes in water chemistry 
over time at MCSP. The cations show movement from calcium/neutral type water to 
magnesium type, and anions from bicarbonate type to sulphate type over time. Alkaline 























Figure 5.14: Piper diagram of Murphys Creek silt pond water quality from 2005-2019, showing shifts in water 
composition over time.  
 
Alkaline waters  
The waters in MCSP have been consistently alkaline despite a rise in sulphate 
concentration over the monitoring period. pH at MCSP had an initial rise at the 
beginning of water assessments in 2005 and has been consistently between 8-8.4 since 
2007, other than two occasions where the water was 7.2 and 7.7 (Figure 5.15).  
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Figure 5.15: pH at Murphys Creek Silt Pond from 2005 – 2019.  
 
Sulphate concentrations have risen over this period (Figure 5.6), suggesting that more 
sulphuric acid is being produced by the weathering of pyrite. A solution with a sulphate 
concentration of 2800 g/m3, as seen in a sample from MCSP would have a pH of 1.48 if 
the sulphate was as sulphuric acid, calculated using Aqion software. The same sample 
had a measured pH of 8.1. The consistent circum-neutral pH shows that the waters are 
being neutralised at the same rate as this acid is being produced. Ca and Mg 
concentrations in the water may indicate the amount of weathering the two acid 
neutralising minerals are undergoing in the waste rock. Calcium concentrations have 
decreased over the monitoring period in the MCSP in comparison to magnesium (Figure 
5.16). However, magnesium has not increased in comparison to SO4, with oscillating 
values around the average of 0.9 Mg/SO4 (Figure 5.17).  
 

































Figure 5.17: Mg:SO4 molar ratio in the MCSP from 2005 - 2019.  
 
Bicarbonate concentrations in waters in MCSP were on average 2.02 times higher than 
calcium concentrations in the same sample across the monitoring period (Figure 5.18). 
Waters in the TTTS and CJS had <1 moles of calcium for each mol of HCO3, the proportion 
of HCO3 has risen over time from 0.1 in 2014 to ~ 0.7 in 2019 (Figure 5.18B).  
 
   
Figure 5.18: Calcium and carbonate molar concentrations in water from Murphys Creek silt pond (MCSP), Top 
Tipperary Tailings seep (TTTS) and Cranky Jims Sump (CJS). A) shows the concentrations (in mol/m3) of HCO3 






































































5.4.3 Comparing waste rock and tailings waters 
To assess the differences between the waters and identify the primary source of the CJS 
water, calcium and sodium concentrations have been used to compare Murphys Creek 
waters, Cranky Jims Creek waters and tailings waters. When sodium and sulphate 
concentrations in CJS, CJ01, MCSP, MC100 and TTTS are plotted, two distinct trends can 
be seen, with enriched sodium concentrations in the TTTS water data and both in the 
upstream CJS and CJ01 monitoring point compared to MCSP and MC01 (Figure 5.19).  
 
Figure 5.19: Sodium and sulphate concentrations from the  Top Tipperary Tailings seepage (TTTS), the Cranky 
Jims sump (CJS), its downstream monitoring site CJ01, Murphys Creek Silt Pond (MCSP) and its downstream 
compliance point MC01.  
 
CJS and CJ01 water is enriched in Ca over alkalinity compared to samples from Murphys 
Creek (MC01 and MCSP) (Figure 5.20). Water from TTTS is also highly enriched in Ca 
compared to alkalinity. Water from CJS has the highest calcium concentrations out of all 
samples, with moderate alkalinity. Water from CJ01 is also enriched in calcium 


























Figure 5.20: Calcium and bicarbonate alkalinity (as CaCO3) from the Top Tipppery Tailings seepage  (TTTS), 
Murphys Creek (MCSP and MC01) and Cranky Jims Creek (CJ01 and CJS).  
 
Calcium concentrations on their own are less able to distinguish between tailings 
influenced waters and waste rock waters. When calcium concentration is compared to 
sulphate concentration (Figure 5.21) most tailings samples (TTTS) and CJS can be 
distinguished with higher concentrations of calcium, but the more dilute samples from 
CJ01 and low concentration examples from TTTS cannot be distinguished.  
 
Figure 5.21: Calcium and sulphate concentrations in the Cranky Jims Sump (CJS), its downstream monitoring 
site CJ01, Murphys Creek silt pond (MCSP) and its downstream compliance point MC01 and Top Tipperary 


















































Magnesium concentrations in the CJS and TTTS were depleted compared to Murphys 
Creek waters (MC01 and MCSP) (Figure 5.22).  
 
Figure 5.22: Magnesium and sulphate concentrations in Cranky Jims Sump, its downstream monitoring site 
CJ01, Murphys Creek silt pond (MCSP) and its downstream compliance point MC01 and Top Tipperary 
monitoring point TTTS.  
 
Principal components analysis (PCA) indicates that tailings waters (TTTailings and 
TTTS) are geochemically distinct from waste rock waters (MCSP, MC100 and MC01). 
CJ01 data is grouped with MC100 and MC01. CJ01 is a monitoring point significantly 
downstream (>1km) from the Macraes footprint, so like MC100 and MC01 it is largely 
influenced by dilution from regional waters. The ordination provides a good 
representation of the multivariate space, with 60.9% of the variation in PC1 and 20.8% 
in PC2. The PCA shows most of the variables in CJ01 data are like Murphys Creek waters 
































Figure 5.23: PCA biplot of tailings waters (TTTailings and TTTS), waste rock waters (MCSP, MC100 and MC01) 
and water of unknown origin CJ01.  
 
The PCA found that waters from CJO1 had the greatest overlap with MC100 and MC01 
waters, indicating that in multivariate analysis the factors in dilution from regional 
water chemistry is the biggest influence. The finer details of specific differences in Ca, 




5.5.1 Origins and mobility of dissolved load 
Sulphate 
Excessive sulphate or sulphuric acid production in disturbed sulphide rich 
environments is a common issue across many parts of the world (Johnson and Hallberg, 
2005, Heikkinen et al., 2009). The sulphides react when exposed to water and oxygen to 
form sulphuric acid and iron. In a self-perpetuating system the sulphuric acid further 
dissolves the sulphides, increasing the dissolution of the sulphides. The rate 
determining step of the oxidation of sulphides is the oxidation of the Fe2+ (Singer and 
Stumm, 1970).  This process may be catalysed by bacteria to greatly increase the rate of 
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oxidation (Jamieson et al., 2015). These oxidising bacteria thrive at low pH and are 
generally associated with acid mine drainage. However, acidic microenvironments may 
form on the surface of pyrite, allowing the bacteria to greatly increase the rate of pyrite 
dissolution and therefore aqueous sulphate in neutral mine drainage environments 
(Dockrey et al., 2014). The high sulphate release from the waste rock dams indicate this 
process is occurring in the waste rock stacks at Macraes.  
 
Both waste rock and tailings water at Macraes can have highly elevated sulphate 
concentrations; however, the TTTS has shown very consistent sulphate concentrations, 
contrasting with the strong increases seen in waste rock influenced waters in Murphys 
Creek (Figure 5.6 and Figure 5.10). Each has different mechanisms for sulphate release; 
for example, in the waste-rock this process involves the oxidation of exposed sulphides, 
while in tailings the sulphate load comes from the already oxidised pressure-oxidation 
autoclave processed material, deposited in a slurry on the tailings dam.  
 
Water quality records from waterways around Frasers WRS have shown sulphate 
concentrations increasing over time. In Murphys Creek, sulphate has been increasing 
over time at all monitoring points, with concentrations generally lower downstream of 
the silt pond due to dilution (Figure 5.5). Sulphate concentrations have increased at the 
same rate as Mg and at a greater rate than all other measured ions in the water. This 
indicates dissolution of chlorite has occurred at the same rate as dissolution of pyrite, 
successfully neutralising the increasing sulphuric acid production.  
 
A flattening of sulphate concentrations in waste rock may not occur until a sulphide or 
sulphate mineral reaches saturation within the waste rock stacks. Sulphate attenuation 
through in-situ gypsum formation has been observed on calcite grains in waste rock 
through localised saturation (Moricz et al., 2012), if this process is happening at Macraes 
it is not yet happening at a great enough rate to level off sulphate concentration 
increases.   
 
Carbonate 
Craw (2000) reported that calcite in dam waters at Macraes undergoes both ‘closed 
system’ dissolution with no access to CO2 and ‘open system’ where with CO2 and water, 
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calcite produces two ions of HCO3 for every calcium ion (see equations [2-5], section 
5.2.1). Waters from the MCSP show on average two HCO3 moles for each mole of Ca. This 
indicates that the dissolution of calcite in the waste rock stacks primarily occurs in an 
open system in contact with carbon dioxide. Waste rock stacks tend to be quite open 
and exposed to the atmosphere compared to tailings (Harries and Ritchie, 1985, Amos 
et al., 2015). Water from tailings (TTTS and CJS) have much lower HCO3 to Ca ratios, 
consistently below 1. The additional lime added to the tailings obscures the ratio 
produced by the dissolution of calcite by artificially raising the concentration of Ca. Due 
to small grainsizes and water saturated environments, tailings are generally much less 
exposed to atmosphere, so reaction [3] of calcite weathering without exposure to CO2 is 
likely to dominate, contributing to the low HCO3/Ca ratio seen in these waters.  
 
Long-term water records, such as at the monitoring point at MCSP, show that while 
bicarbonate concentration initially increased from background levels, it has not 
increased as rapidly as sulphate and magnesium. This may be due to calcite dissolution 
rates decreasing as calcium and carbonate reach saturation in the water. Analysis of the 
saturation indices in a water sample taken from MCSP in 2019 waters show calcite is 
oversaturated with a saturation index of 1.5 (Chapter 6). Alternatively, the relatively 
lower calcium and carbonate concentrations could be a result of precipitation of calcium 
carbonate in Murphys Creek and possibly within the waste rock stacks when the waters 
are saturated. This removes Ca and HCO3 from the waters, making them appear depleted 
compared to SO4 and Mg.  
 
Calcium    
Calcium primarily originates from the dissolution of calcite in the host rock. However, 
CJS has elevated concentrations compared to what is expected from calcite dissolution 
alone. Calcium in the CJS has recorded concentrations of 530 g/m3 and 454 g/m3. 
Maximum calcium concentrations at MCSP have been 310 g/m3, and at FWSP, which is 
typically has very elevated ion concentrations (such as sulphate concentrations of up to 
5800 g/m3) recorded a maximum calcium value of 360 g/m3.  
 
The tailings waters TTTS and TTTailings are generally enriched in calcium compared to 
bicarbonate alkalinity (Figure 5.20). This is due to additional lime added in processing 
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of the ore to control pH, causing waters to be enriched in calcium without carbonate. 
The additional calcium in the waters at CJS and some waters from CJ01 show an 
enriched calcium trend which indicates the tailings source.  
 
The calcium concentration measured in CJS is higher than measurements from TTTS or 
any sites in Murphys Creek. This may be due to the coupled influence of tailings water 
with additional lime and then percolation through the waste rock walls of the tailings 
facility, enriching the water in dissolved calcite.  
 
Magnesium 
Magnesium is highly elevated in waste rock influenced waters at Macraes. The source of 
the magnesium is likely to be from chlorite weathering (Craw, 2000). Chlorite can be 
highly reactive in mined settings, becoming very depleted in areas exposed to mining 
waters (Clark et al., 2018). The mechanisms of chlorite dissolution and acid 
neutralisation capacity in mining environments is a developing area of research, 
especially in confirming the products produced from weathering in a surface mining 
environment and quantifying the acid neutralisation capacity.  
 
Chlorite containing rocks may have the equivalent acid neutralising ability as a rock with 
10% calcite, with leach experiments showing depleted chlorite concentrations and 
raised pH when treated with acidic mine water (Desborough and Yager, 2000). Yager et 
al. (2005) showed the importance of chlorite for acid neutralisation with their equation 
below showing an almost total breakdown of chlorite to aqueous ions and silica 
remaining [5]. This total breakdown consumes 3.5 hydrogen ions per Mg ion released. 
  
[5] (MgFe2+Fe3+Al)AlSi3O10(OH)2(s) +16H+ → 4.5Mg2+ + 0.2Fe2+ +0.2Fe3+ + 2Al3+ + 
3SiO2(s) +12H2O 
 
Chlorite may not completely dissolve when undergoing weathering. Craw (2000) 
demonstrated the acid neutralising capacity of chlorite if it weathers to smectite at 
Macraes with equation [6a], consuming two hydrogen ions for each magnesium ion 
released, through the simplified reaction seen in [6b].  
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[6a] Mg2.2Fe2.2Al2.4Si3O10(OH)+0.1(Na+,K+)+3.75H++0.1O2 → 
(Na,K)0.1MgFe2+Fe3+0.5Al2.0Si2.6O10(OH)2.nH2O +1.2Mg2+ +0.75Fe2++0.2kaolinite +(4.5-
n)H2O 
 
[6b] Chlorite + 2xH+ → smectite/kaolinite clay +x(Mg2+, Fe2+) nH2O 
 
Craw (2000) determined a Ca:Mg ratio of 2 in waters around the Macraes site in 2000, 
whereas the molar ratio of Ca:Mg in Murphys Creek since 2018 is ~ 0.2 Ca:Mg (Figure 
5.16). This indicates that acid neutralisation through chlorite weathering has increased 
to become the dominant mode of neutralisation of the sulphuric acid produced in the 
waste rock stacks, as the pH has remained constant between 8-8.6 over this time. 
However, if this were the case the Mg/SO4 ratio would have increased, over this time, 
which it has not (Figure 5.17). Therefore, the chlorite is likely still neutralising 
approximately half of the sulphuric acid produced as estimated by Craw (2000), but 
some of the dissolved Ca and HCO3 produced by these reactions is now being attenuated 
by precipitation before reaching MCSP, while Mg has remained in solution. More about 
attenuation processes through precipitation of minerals at Murphys Creek can be seen 
in Chapter 6.  
 
Tailings waters (CJS and TTTS) were shown to have lower ratios of Mg:sulphate 
compared to waste rock waters in Murphys Creek (Figure 5.22). The rapid weathering 
of chlorite to release Mg ions relies on localised acidification (Brandt et al., 2003). In 
waste rock this occurs with the weathering of pyrite closely intergrown with chlorite 
(Craw, 2000), while in the tailings most sulphides have been oxidised to other minerals 
through pressure oxidation processing and are generally no longer acid producing. The 
low pH of the decant waters of the tailings from the oxidation of relic Fe2+ (Craw, 2003) 
may drive some weathering of chlorite to produce the moderate Mg concentrations seen 
in the CJS and TTTS waters. 
 
Sodium  
Sodium has quite low background levels in Murphys Creek and Cranky Jims Creek at 11-
13 g/m3 (Golder 2011). Concentrations have been increasing in MCSP and now reach up 
to 63 g/m3. In waterways from waste rock, the sodium load will be from weathering of 
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Na bearing silicates such as albite, exposed to greater weathering due to the large 
surface area in the waste rock. Concentrations in the tailings waters (TTTS) reach 480 
g/m3 and waters from CJS and CJ01 also had an enriched sodium trend reaching 
concentrations of 300 g/m3 in CJS and 90 g/m3 in CJ01. The sodium load from additions 
in ore processing is likely the source of elevated sodium in the tailings and also a good 
indicator that the water at Cranky Jims sump water is strongly influenced by a tailings 
source, since the Na load is so much higher than the waste rock influenced waters in 
Murphys Creek.  
 
5.6 Conclusions 
Sulphate and magnesium concentrations have increased over time at Murphys Creek, a 
waste rock influenced waterway proximal to Macraes gold mine. Potassium, sodium, 
alkalinity and calcium have all also increased over time, but at a lesser rate than sulphate 
and magnesium. 
 
An increasing rate of sulphuric production is occurring as seen through rising sulphate 
levels, but pH has stayed between 8-8.6 in Murphys Creek Silt pond, showing effective 
neutralisation in Frasers WRS. The increasing dissolution of chlorite neutralising 
sulphuric acid is reflected in increased Mg concentrations in MCSP. Calcium and 
bicarbonate alkalinity do not show the same increase in concentrations but are likely to 
still be neutralising half of the acidity produced as Mg concentrations have not shown 
enough increase to make up for the deficit of calcium and bicarbonate. Calcium 
carbonate may be precipitating in either the waste rock stacks and/or waterways 
removing those ions from solution.  
 
Water from the new seep CJS in the Top Tipperary Tailings wall is not purely drainage 
from the waste rock wall, containing a strong influence of water from the tailings as well. 
In comparison to waste rock waters, it was elevated in Ca and Na in comparison to SO4, 
Mg, and from HCO3. The Ca:Alkalinity ratio or the Na:SO4 ratio could be used in the future 




Chapter 6 Irrigation for sulphate 
management 
6.1 Introduction 
Water-rock interaction in the waste rock at the Macraes gold mine, Otago, produces hard 
water that can be highly elevated in sulphate (Chapter 5). Aqueous sulphate is a 
common issue in wastewater from sulphide-rich mines due to the oxidation of 
sulphides. In orogenic gold mines such as Macraes, calcite in the host rock neutralises 
the sulphuric acid produced by the oxidation of pyrite, leaving elevated concentrations 
of sulphate in a circum-neutral solution. As sulphate is mobile in most surface 
conditions, it is difficult to remove from solution in order to maintain values below 
compliance levels.  
 
Research into reducing sulphate concentrations in mine water is less abundant than 
research into removal of metals and acidity (Bowell, 2004). However, there are multiple 
methods that can be employed to reduce sulphate concentrations including membrane 
removal, precipitation of sulphate minerals and biological sulphate reduction. 
Membrane removal is expensive and generally requires extensive pre-treatment of the 
water (Bowell, 2004). Different methods can be employed for instigating the 
precipitation of sulphate; active treatment may include adding barium or calcium to 
precipitate barium sulphates or gypsum respectively to be removed and stored. Passive 
precipitation can also be used by utilising the geochemistry of the waters and 
surrounding environment without additives (Tostevin et al., 2016). Fe(III)-sulphate 
solutions precipitate out a range of minerals, including jarosite, schwetmannite and 
goethite from (Majzlan and Myneni, 2005). For neutral mine drainage with Fe(III) 
present, at pH > 6, ferrihydrite or goethite with adsorbed sulphate tend to form (Majzlan 
and Myneni, 2005). In solutions with high calcium and sulphate, such as where mine 
drainage interacts with carbonic rocks, gypsum can precipitate without additional Ca 
needed (Concas et al., 2006).  
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Gypsiferous mine water (high in calcium and sulphate) has been used for irrigation to 
allow the water to be utilised and to instigate precipitation of gypsum. Annandale et al. 
(2005) ran a 4-year trial irrigating with gypsiferous water to concentrate gypsum 
through crop evapotranspiration. Precipitating  gypsum in the soil profile removed it 
from the water system and reduced the potential for groundwater pollution when steps 
were taken to reduce water logging. Du Plessis and Technology (1983) found that using 
lime treated acid mine water (high in sulphate and calcium) for irrigation didn’t cause 
physical problems in the soil and they postulated that gypsum must form in the subsoil 
due to a decrease in ion load. They stated a high degree of irrigation efficiency and 
management skills are required to irrigate with mine water, and a pilot scale project is 
the recommended procedure for a new site.  
 
Macraes has high sulphate water with elevated calcium due to the influence of sulphides 
and calcite in the waste rock (Craw, 2000). It has been proposed that using some of the 
Macraes waste-rock-influenced water for irrigation on the local farms could be a good 
solution for managing the high sulphate water. Having the water sprayed out over a 
large area could increase evaporation, concentrating water to allow for precipitation of 
sulphate minerals such as gypsum, removing the sulphate from solution. This project 
aims to investigate the viability of this management solution. Field investigations assess 
the geochemistry of precipitates that have previously formed in Murphys Creek. Of key 
interest is if these are sulphate minerals that can be utilised to reduce aqueous sulphate 
concentrations through forcing precipitation with irrigation. Laboratory irrigation trials 
are set up as a pre-curser to a field trial using high sulphate water to irrigate planted 
soil columns, with water quality of the outflow measured. To quantify what was 
observed in the field at Murphys and in the irrigation experiment, geochemical 
modelling was done to assess saturation indices and how evaporation effects 
precipitation and water quality.  
 
6.2 Methods 
6.2.1 Field Study  
Two sites were chosen for this study. Site A: Murphys, centred on Murphys Creek, was 
selected due to an abundance of precipitates that form in the area. Site B: Cranky Jims, 
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was selected as a potential site for an irrigation study due to its sloping pasture and 
proximity to a high sulphate water source (Figure 6.1).  
 
Figure 6.1: Map of the south end of Macraes gold mine, Otago, with the two study sites of this project: Murphys 
Creek an Cranky Jims outlined in dark red. Adapted from Craw and Pope (2017) and updated with satellite 
data. 
 
Site A, Murphys Creek 
Water and precipitates were sampled at the Murphys Creek study site to assess what 
precipitates were forming in the waterways and how water quality changed through the 
site. The Murphys Creek study area can be seen in Figure 6.2 with the water sample 
locations and the routine OceanaGold sampling sites ‘MurphysCreek_SiltPond’ (MCSP) 
and ‘MC100’. The samples 1-7 were analysed with ICP-MS at the Centre for Trace 
Element analysis at the University of Otago. The samples were analysed for Na, Mg, Si, S, 
K, Ca, Mn and As. Precipitates occurring throughout the site were collected and analysed 
with handheld XRF, XRD and SEM.  
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Figure 6.2: Murphys Creek field site with Macraes routine testing locations (white) and water testing locations 
in this project (yellow).  
 
Water was sampled at five locations along Murphys Creek (Sites 1-3, 5, 7) and from two 
of its minor tributaries (Sites 4, 6) (Fig. 1). The ‘Schist outcrop’ locality was an outcrop 
with a trickle of water running over. Three water samples (SO 1 – 3) were taken from 
this location Figure 6.3. Water sampling sites 1 and 2 were each sampled in January and 
March. Sites 3-7 were sampled only in January and three samples (SO1, SO2 and SO3) 
from the schist outcrop were sampled in March. 
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Figure 6.3: The schist outcrop site at Murphys Creek, including the locations of water samples SO1, SO2 and 
SO3. 
 
Precipitates were sampled from locations where they were found throughout the 
Murphys Creek site, primarily from 20 m before the silt pond, at the outlet of the silt 
pond and on the schist outcrop location in Figure 6.3. Samples were analysed with 
handheld XRF and XRD, and a selection covering the variety of precipitates found were 
chosen for SEM analysis. Details on the XRF, XRD and SEM methods can be found in 
Chapter 2. 
 
Site B, Cranky Jims 
This site was of interest for a field trial irrigation set up, where water could be pumped 
from the sump to spray out over the sloping pasture. In preliminary preparation for this 
trial, five water samples were collected and analysed with ICP-MS. Water samples for 
ICP-MS analysis were taken from Cranky Jims Sump (CJS) and sites 1-4 (Figure 6.4).  
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Figure 6.4: The Cranky Jims study site with the water testing sites.  Cranky Jims Sump (CJS) is a blowout in the 
waste rock wall of top tipper tailings facility. CJ1 and CJ2 are testing sites within a wetland area with high 
conductivity water, CJ3 is at the convergence point of the wetland water and a stream, and CJ4 is downstream 
of this convergence point.  
 
 




6.2.2 Laboratory trials 
To understand some of the processes that may happen if mine water is used for 
irrigation, a laboratory irrigation experiment was performed. The laboratory trial used 
water and soil from the Cranky Jims study site (Figure 6.4). Water quality of outflow 
water was measured, and the geochemistry of any precipitates was analysed at the end.  
A small experiment was also run with material sampled from the wetland area in Figure 
6.4. The wetland experiment was created as a dip in conductivity was observed between 
CJ1 and CJ2, indicating sulphate reducing bacteria could be working to decrease 
sulphate concentrations through the wetland.  
 
Irrigation experiment 
Six 30 cm columns with 8 cm diameters (Figure 6.6) were filled with soil from a pasture 
area in the Cranky Jims field site. Samples were taken from the appropriate horizon to 
fill the corresponding depth of soil column. The tops of the columns were left vegetated; 
specific vegetation in each treatment can be seen in (Figure 6.6). For eight weeks, each 
column was watered with high sulphate water taken from the Cranky Jims seepage for 
5/7 days of the week. The test columns either received 60 mL/day ‘high flow’, equivalent 
to 12 mm/day irrigation or 20 mL/day ‘low flow’, equivalent to 4 mm/day irrigation. 
Control columns also received either 60 mL or 20 mL of distilled water per day. 
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Figure 6.6: Set-up for the laboratory irrigation experiment. 
As the plants in each treatment are small samples taken from the field, there is some 
variation in the plants present in each treatment (Table 6.1). 
 
Table 6.1: Plants present in each laboratory trial set up.  
 Treatment Plants 
1 Low 1 (20 mL sulphate) Ryegrass, Yarrow, White Clover 
2 High control (60 mL distilled) Ryegrass, Yarrow, White Clover 
3 High 1 (60 mL sulphate) Ryegrass, Yarrow 
4 Low control (20 mL distilled) Ryegrass, White Clover 
5 High 2 (60 mL sulphate) Ryegrass, White Clover 
6 Low 2 (20 mL sulphate) Ryegrass, White Clover, Cat’s Ear 
 
Water output was analysed with ICP-MS for Na, Mg, S, K, Ca, Mn and As at week 4 and at 
the conclusion of the experiment at week 8. The week 4 sample was the collective 
drainage from weeks 1-4 and the week 8 sample included the collective water from 
weeks 5-8. pH of the output water was also measured at the end of the experiment. 
When the columns were dismantled, they were visually inspected for precipitate then 
cut into samples at depths of 0-5cm, 5-20cm and 20-30 cm samples and dried at 70 
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degrees for 3 days. Areas where precipitate occurred were analysed with SEM-EDS 
analysis to identify precipitated minerals. Sample preparation for SEM analysis was 
done by pressing samples onto carbon tape covered pin stubs and carbon coated. For 
full SEM analysis methods used see chapter 2.   
 
Laboratory Wetland experiment 
The wetland experiment to see if reduction in sulphate observed in the wetland area of 
the field could be reproduced through running high sulphate water over collected 
material from a the wetland area. Small plastic containers with perforations at the 
bottom were filled with soil material collected from the wetland area in the Cranky Jims 
site (Figure 6.4). The material used in the Wetland 1 set up was collected from the same 
site as water quality measurement CJ2, where the water was measured at 1246 g/m3 
sulphate. Wetland 2 was sampled from the same site as water quality measurement CJ1, 
where the water quality was measured at 1849 g/m3 sulphate. The filled containers sat 
in a beaker to collect the outflowing water (Figure 6.7). This set up was chosen to limit 
gravitational draining drying out the saturated wetland container. The columns were 
loosely covered with plastic wrap to limit evaporation. The columns were dosed with 
20 mL/day for 6 weeks. Some days there remained too much water pooled on top of the 
substrate to dose again, so the day was missed.  
 
Figure 6.7: Setup of the wetland columns. A plastic cup with a perforated bottom was filled with wetland 
material from Cranky Jims (grey shading in figure) and placed in a beaker to capture throughflow.  
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At week two and week six of the experiment, water was taken from the collection beaker 
and analysed with ICP-MS for Na, Mg, S, K, Ca, Mn and As. pH was measured at the 
conclusion of the experiment.  
 
6.2.3 Geochemical modelling 
Saturation index 
The saturation indices for various water records were modelled using Geochemist’s 
Workbench (GWB12) GSS software (Bethke, Farrell, & Yeakel, 2018). The saturation 
index indicates whether a mineral will be forming (positive values), dissolving (negative 
values) or at equilibrium (zero) in the aqueous system.  
 
Evaporation modelling 
Simulations on Geochemist’s Workbench REACT software (Bethke et al., 2018) were run 
to assess what degree of evaporation would have to occur for sulphate minerals to form. 
Four water samples were selected to assess how different waters will respond. An 
example of high sulphate water sampled by OceanaGold on the 02/03/2019 was 
selected as a representative to model evaporation of high sulphate Murphys Creek Silt 
Pond (MCSP) water. The evaporation of water from MCSP in 2005 was modelled to 
assess how the near-background level water quality would respond. A water sample 
taken on the 07/08/2019 from the CJS was selected to simulate evaporation at the 
Cranky Jims site. The water that was used in the irrigation laboratory trial (sampled 
from the CJS) was also modelled. The chemistry of the water can be seen in Table 6.2. 
 
Evaporation of the water was modelled at the measured pH (7.6-8.1 depending on the 
sample) and at a lowered pH of 6, to simulate what may happen in irrigation, when 







Table 6.2: Table of samples used in modelling of evaporation of Murphys Creek silt pond and Cranky Jims 
water, measured in g/m3. *Calculated from expected ratios with other measured elements.  
Site Date Ca Mg Na K HCO3 SO4  Cl pH 
MCSP 2/03/19 310 860 63 19.8 890 3200 11 8 
MCSP 29/03/05 22.5 12.5 10.4 3.12 136 45.9 8.9 7.33 
Cranky Jims 7/08/19 530 360 290 37 549 2800 19 8.1 
Experiment NA 454 345 253 30.8 460* 2687 17* 7.6 
 
The water used in the irrigation experiment was analysed with ICP-MS and therefore 
did not have data on HCO3 content. For modelling purposes, the HCO3 content was 
estimated from ratios with the measured elements in other samples from CJS. Calcium 
was 85% of the other CJS sample, so a HCO3- concentration of 85% was used. 
Dolomite, magnesite, huntite and calcite were judged to be very unlikely to form due to 
stream conditions and were suppressed for the evaporation simulation. In some graphs, 
minor minerals that formed in the final stages (>99.95% evaporation) were removed 
from view for graph clarity. These included arcanite (K2SO4), kalicinite (KHCO3) and 
sylvite (KCl).  
 
6.3 Results 
6.3.1 Field investigations  
Site A, Murphys Creek 
The Murphys Creek site showed an abundant creamy-white precipitate forming in the 
stream bed 20 m upstream of the silt pond and at the silt pond outlet. A crystalline white 
precipitate was observed on a schist outcrop with water seeping from above it. This 
outcrop also had a black, sludgy precipitate forming.  
 
Water analysis  
Concentrations of most elements decreased through the site from the seep closest to 
FWRS (sites 1-2) to downstream site 7 (Figure 6.2 for site locations). ICP-MS analysis 
showed sites 4 and 6, which are in side streams flowing into Murphys Creek, have much 
lower concentrations of most ions (Table 6.3). In sites 1 and 2 concentrations of most 
elements were higher in March as compared to January. Sulphate concentrations 
generally decrease downstream, with the seepages at the beginning of the creek (Sites 
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1 and 2) having the highest concentrations. The water samples from the schist outcrop 
locality also had high sulphate concentrations ~3000 ppm.  
 
Table 6.3: Element concentrations of water samples from the Murphys site measured by ICP-MS. SO4 was 
calculated from the results, assuming all S is in SO4.  Concentrations are in ug/mL (or g/m3). 
 Site Date Cond. Na Mg Si SO4 K Ca Mn As 
1 11.01.19 6.02 54 734 4.46 2379 22.3 355 0.75300 <0.0025 
1 8.03.19 5.68 66.7 927 3.74 2974 23.7 412 1.01000 <0.0025 
2 11.01.19 5.48 55 746 4.07 2482 21.2 315 <0.0025 <0.0025 
2 8.03.19 7.03 65.2 912 3.45 2876 23.1 405 <0.0025 0.00326 
3 11.01.19 3.45 54.4 726 3.98 2315 19.7 188 0.60600 <0.0025 
4 11.01.19 0.509 12.8 16.5 5.86 89 1.01 20.1 <0.0001 0.00053 
5 11.01.19 4.13 45.5 586 1.89 1868 16.9 163 <0.0025 <0.0025 
6 11.01.19 0.102 8.94 3.01 3.52 4 0.972 6.02 0.00075 0.00061 
7 11.01.19 0.342 9.94 22.2 3.45 65 1.4 13.4 0.00049 0.00052 
SO 1 8.03.19 6.17 65.1 919 4.1 2974 21.4 434 0.01120 <0.0025 
SO 2 8.03.19 - 66 887 5.27 2974 17.1 310 <0.0025 <0.0025 
SO 3 8.03.19 - 66.8 911 5.41 2999 23.6 448 2.25000 0.00280 
 
At the time of sampling, the MCSP outlet (Figure 6.10) was mostly closed with only a 
light spray of water coming out. This may account for the very low concentrations in site 
7, downstream of the silt pond. Calcium concentrations decreased strongly at site 3, with 
only a minor drop in sulphate concentrations (Figure 6.8). K, Mg and Na did not have 
the same drop in concentration, having a strong linear relationship (R2 > 0.99) with 
sulphate through the site (Figure 6.9).  
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Figure 6.8: Calcium and sulphate concentrations (g/m3) at the water testing sites 1-7 at Murphys Creek from 
the 11/01/2019. Empty markers denote the samples from within Murphys Creek, filled markers are side 
streams. Grey arrow shows the downstream direction of sites.  
 
Figure 6.9: Sulphate concentrations with K, Na and Mg concentrations (g/m3) from sites 1-7 at Murphys Creek. 
Shaded markers are side streams, empty markers are from within the main creek.  
 
Precipitates 
Three types of precipitate were observed in the Murphys Creek field site. A cream 
coloured precipitate was observed submerged in Murphys Creek, most abundant in the 
20 m before the silt pond and at the outlet after the silt pond (Figure 6.4). In the stream 
before the silt pond the precipitate has a hard shell, while a powdery texture was seen 
in the layers forming at the outlet. The other two types of precipitate were both 
observed at the schist outcrop locality, forming on the surface of the schist which had a 
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trickle of water running over it (Figure 6.11). A black, sludgy precipitate formed in wet 
areas of the outcrop, and in the dry areas there was a white, crystalline precipitate.  
 
Figure 6.10: Cream coloured precipitate at the Murphys site. A shows the crusty hard material in the stream 
approximately 30 m upstream of the silt pond. B shows a powdery cream precipitate at the silt pond outlet 
spray. C shows texture of creamy precipitate coating biological matter. 
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Figure 6.11: Schist outcrop with crystalline white precipitate. Black, sludgy precipitate observed in top right 
corner of image A. Image B shows the crystalline texture of the white precipitate on the surface of the schist.  
 
The cream coloured precipitate found just before and after the silt pond was found to 
be primarily aragonite (CaCO3) from XRD analysis. fp-XRF of these precipitates also 
showed a calcium content of approximately 24% (Table 6.4). There were high levels of 
contamination from small pieces of schist and organic material in all stream precipitate 
samples.  
 
The white, crystalline material on the schist outcrop and showed a 3-4% sulphur 
content recorded by fp-XRF. XRD analysis showed the material was epsomite, a soluble 
magnesium sulphate (MgSO4·7H2O). The black precipitate forming on the more 
saturated areas consisted of approximately 20% manganese and 1% sulphur. This 
material was amorphous in XRD analysis and is interpreted to be an amorphous 
manganese oxide. In water testing (Table 6.3) aqueous manganese concentrations were 
generally low (<0.0025 g/m3 detection limit). Upstream locations at Murphys Creek had 
concentrations 0.6-1.0 g/m3. In the location where the manganese oxide was found, the 








Table 6.4: Fp-XRF results of major elements in precipitates sampled from Murphys Creek, and XRD results of 
the primary mineral.  
Sample Description Fp-XRF (%)  XRD 
  Al Si S K Ca Fe LE  Mineral 
1A Upper stream  0.2 0.9 0.5 0.2 24.4 0.3 73  Aragonite 
1B  Silt pond discharge  0.2 0.6 0.2 0.1 23.9 0.1 74  Aragonite 
1C Tailings silt 0.4 1.2 0.1 1.1 0.7 1.5 95  - 
1D  Silt pond discharge 0.2 0.6 0.8 0.1 25 0.3 71  Aragonite 
1E  Thin algae covered 
in precipitate 
0.3 2.6 0.2 0.4 7 0.9 88  - 
1F  White precipitate 
from schist outcrop 
0.2 0.5 3.7 0.1 1 0.3 94  Epsomite 
1G Black sludge from 
schist outcrop 
<LOD 0.3 0.2 0.1 2.4 (Mn) 
22 
73  Amorphous 
 
Figure 6.12 shows examples from samples 1A and 1B where aragonite was the only 
precipitate identified in SEM analysis. The aragonite often was seen to form around 
cylindrical structures, likely to be algae strands (Figure 6.12A & B). Diatoms can be seen 
amongst the aragonite in Figure 6.12C. The diatoms have been identified as Cymbella 
and Stauroneis (pers. comm K. Lalor). Some spectra of the aragonite and epsomite from 
EDS analysis is shown in Table 6.5. Due to sample preparation on pin stubs, the readings 
have a large amount of interference from surrounding material, and are only a rough 
indication of composition.  
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Figure 6.12: SEM photomicrographs of precipitate from Murphys Creek showing diatoms amongst aragonite 
precipitate and aragonite covered algae strands.  
 
XRD analysis of sample F from the schist outcrop showed a strong signature for 
epsomite. SEM-EDS analysis of sample 1F supported the findings of the XRD, showing 
the mineral was rich in magnesium and sulphur (Table 6.5). The epsomite was seen to 
have with large crystal sizes >250 μm. 
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Figure 6.13: SEM photomicrographs of epsomite precipitate from the Schist Outcrop locality at the Murphys 
Creek site. 
 
Table 6.5: EDS analysis of some of the spectra from samples f and c, identified as aragonite and epsomite.  
Sample Mineral Spectrum Label C O Na Mg Si S Ca 





f Epsomite 24 17 49 0.5 22.2 0.1 10.7 
 


















f Epsomite 9 13 51 0.2 20.7 0.1 14.9 
 










c Aragonite 30 21 52 
 
0.1 0.2 0.2 25.9 
c Aragonite 31 15 56 
 
0.1 0.3 0.1 27.2 
c Aragonite 32 24 59 
  
0.2 0.1 15.9 
c Aragonite 42 9 25 
 
0.3 13.7 0.2 51.4 
c Aragonite 43 23 54 0.1 
 
0.1 0.1 23.1 
c Aragonite 44 24 55 
   
0.1 20.8 
 
Site B, Cranky Jims 
The Cranky Jims site features a sump in the wall of the Top Tipperary Tailings facility 
(Figure 6.4). The water quality measured in this sump (CJS) had elevated sulphate (2687 
g/m3). This sump is contained, with no flow seen coming from it; however, a smaller 
pool of water formed below the sump and leads to a trickle of water that flows through 
the culvert under the adjacent road. This water feeds into a small wetland area, the start 
of which was measured to have a sulphate concentration of 1848 g/m3 (Site 1). The 
wetland area was approximately 10 m long, a water sample taken from near the 
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downstream end of the wetland (Site 2) had a sulphate concentration of 1246 g/m3. The 
end of the wetland converged passing stream. Samples taken downstream of the 
confluence of the wetland and stream showed lower sulphate concentrations of 271-
299 g/m3. There were no precipitates present at the Cranky Jims site.  
 
Table 6.6: Water quality of samples taken from the Cranky Jims waterways. Site locations can be seen in Figure 
6.4. Concentrations in g/m3. 
 Site Date Na Mg SO4 K Ca Mn As 
CJS 23.08.19 253 345 2687 30.8 454 5.32 0.0011 
1 23.08.19 169 248 1848 15.6 301 0.873 <0.001 
2 23.08.19 114 167 1246 9.99 196 0.0073 <0.001 
3 23.08.19 38 41.8 299 3.83 47.1 0.03670 <0.001 
4 23.08.19 35.8 38.1 271 3.52 42.9 0.0674 <0.001 
 
Concentrations of sulphate to measured elements Na, Mg, K and Ca all have extremely 
strong linear relationships (R2 >0.94) through the site. The sulphate to Mn relationship 
was weaker, at R2 = 0.69. The SO4 and Ca relationship can be seen in Figure 6.14, both 
decreasing in concentration downstream of CJS.  
 


































6.3.2 Laboratory trial 
Precipitates were observed when the irrigation experiment was dismantled. A cream 
precipitate was observed patchily at the surface and top 2cm of soil in the low flow and 
high flow columns. Precipitate was also seen around some roots in both high flow 
columns. No precipitate was observed in the control columns.  
 
Figure 6.15: Photographs of precipitate formed in the soil column experiment. A) shows a photo of a low flow 
(20 mL/day) set up, B) shows a high flow (60mL/day) column.  
 
The precipitate that formed around the root in the high flow set up was analysed with 
SEM – EDS to identify them. A sample taken from around the precipitate covered root in 
Figure 6.15 showed many large crystals in SEM analysis. The sample was disturbed to 
attach it to the pin stub required for analysis; however, it could still be seen that most 
crystals were in proximity to roots. In some instances, it could be seen that the crystals 
lay along the root surface (Figure 6.16). SEM-EDS analysis of the crystals showed the 
crystals had 1:1 at% ratios of Ca:S, with the other major component being oxygen.  
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Figure 6.16: Calcium sulphate crystals around plant roots in samples from a high flow high sulphate water 
irrigated column 
 
Figure 6.17: Calcium sulphate crystals in rosette style clusters. Sample from a high flow, high sulphate water 
irrigated column. 
 
Concentrations of Na, Mg, S, Ca and Mn and the pH of the outflow water were measured 
at 4 and 8 weeks into the experiment. pH measurements showed that the water dropped 
from pH of 7.6 before it was added to the columns, to between 4.1-5.5 in the outflow 







Table 6.7: pH of inflow and outflow water from the soil columns. 
 High flow 1 High flow 2 High control 
Input 7.6 7 
Output week 4 4.2 4.1 5.5 
Output week 8 4.4 5.5 5.7 
 
The low flow columns did not produce enough outflow to measure the chemistry of the 
water (>5 mL) except for one of the low flow treatments in the week 5-8 collection 
period. The high flow treatments all produced a large amount of output water >100mL 
in the 4-week periods the water was collected. Analysis of the water showed that the 
columns irrigated with CJS water had an initial drop in ion concentrations in the water 
collected weeks 1-4, and the water collected weeks 5-8 had ion concentrations closer to 
the initial CJS water quality. In the high flow columns, Na, SO4 and Ca were all about 50% 
of the initial input concentration in the outflow at week 4. Mg was 15-25% of the initial 
concentration and Mn was 76-123% of the initial concentration. At week 8 Na and SO4 
were 80-90% of the initial concentration, Mg was 43-55% and Ca was 103-117% of the 
initial concentration. K was 0-20% of the initial concentration in both high flow set ups 
in both weeks.  The ion concentrations in the water before irrigation and in the outflow 
of the columns in the week 1-4 and week 5-8 can be seen in Table 6.8 and Figure 6.18 -
Figure 6.20.  
 
Table 6.8: Concentrations of measured elements in the irrigation experiment input and outputs from the 
columns, measured in g/m3.  
 Input High flow 1 High flow 2 Low flow 2 
Week NA 1-4 5-8 1-4 5-8 5-8 
Na 253 131 205 100 208 233 
Mg 345 89 191 52.2 149 275 
SO4 2688 1282 2226 1097 2418 2591 
K 31 2.7 6.16 1.7 <3 27.4 
Ca 454 269 468 260 533 409 




Figure 6.18: Results of major elements in waters from the high flow sulphate columns in the inflow water, 
collective outflow at week 4 and 8.   
 
Figure 6.19: Concentration of major elements in the low flow, sulphate water irrigated column. Water was 
only available to be tested in one replicate of the setup, and only in week 8. Elsewhere there was no outflow 








































































































Figure 6.20: Concentration of elements in the high flow control column.  
 
Wetland trial results  
The water from the wetland trial showed decreases in all elements at week 2, with both 
trials then increasing in all elements by week 6 (Figure 6.21). The pH of the outflow 
water was 7.88 in wetland 1 and 8.05 in wetland 2 at week 6 (Table 6.9). 
  
 
Figure 6.21: Concentration of elements from high sulphate water input to output from the bottom of wetland 



















































































Table 6.9: Sulphate concentration in wetland experiment inflow and outflow at week 2 and week 6. pH of the 
outflow water at week 6.  
 Sulphate pH 













Week 6  1321 g/m3  1992 g/m3 7.88 8.05 
 
6.3.3 Geochemical modelling 
Saturation index 
The saturation indices of select samples from MCSP and JCS waters around the field sites 
were calculated. In waters at MCSP and CJS, huntite, dolomite, calcite, aragonite and 
magnesite were all seen to be over saturated. From the water data collected at MCSP in 
2005 when key ion concentrations were much lower, there were no minerals at 
saturation (Table 6.10). The saturation indices show that no sulphate minerals are 
saturated, although gypsum is near saturation, at -0.5 and -0.2, in MCSP and CJS waters, 
respectively.  
 
Table 6.10: The highest saturation indices (log Q/K) from water quality measurements taken by OceanaGold 
at the Murphys Creek silt pond monitoring point, Frasers West monitoring point and Cranky Jims seepage. 
Positive saturation indices are highlighted in grey. 
Mineral log Q/K  
Murphys 2019 Murphys 2005 Cranky Jims 2019 
Huntite 4.4 -6.1 4.4 
Dolomite 4.7 -0.2 3.2 
Calcite 1.5 -0.5 1.7 
Aragonite 1.4 -0.7 1.5 
Magnesite 1.5 -1.3 1.1 
Gypsum -0.5 -2.4 -0.2 
Anhydrite -0.6 -3.6 -0.4 
Nesquehonite -1.2 -3.9 -1.6 
Bassanite -1.3 -3.2 -1 
Artinite -1.9 -7.5 -2.6 




High sulphate Murphys Creek (MCSP 2019) 
Modelling evaporation of a sample of high sulphate water from MCSP taken in 2019 
shows that aragonite may precipitate out without any evaporation, producing ~0.4 g/L 
(original fluid) once the water has completely evaporated. Gypsum begins precipitating 
once 78% of the water has been evaporated, producing 0.6 g once the water has 
evaporated completely. When the pH was lowered to 6 (from a measured 8.1), no 
aragonite formed and gypsum began precipitating at 53% evaporation, forming 1.3 g 
once all the water had evaporated. 8 g of epsomite formed at the very end of the 
evaporation process in both the pH 6 and 8 models (Figure 6.22). 
 144 
 
Figure 6.22: Evaporation of 1 L of water from Murphys Creek silt pond, 02/03/2019 modelled with 
Geochemist’s workbench: React. The left example had pH artificially lowered to 6, showing the influence of 
less alkaline water on mineral formation. 
 
Low sulphate Murphys Creek (MCSP 2005) 
Modelling of evaporation of low sulphate water sampled from MCSP in 2005 showed 
that aragonite began precipitating when 60% of the water was evaporated, producing 
0.06 g/L (original volume). If pH is lowered to 6, noting precipitates until 98% 
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evaporation, where gypsum (0.075g) and aragonite (0.011g)/ L original fluid 
precipitate (Figure 6.23).  
 
Figure 6.23: Modelled evaporation of water from Murphys Creek with water quality measured in 2005 showing 
which minerals will form from the water through the evaporation process. Measured pH was 7.33, graph on 
the left shows what will happen if pH is lowered to 6. Minor minerals were removed from the pH 6 graph for 
clarity (mirabilite and arenite).  
 
High sulphate Cranky Jims (CJS 2019) 
Modelling evaporation of a high sulphate sample of water from the CJS shows aragonite 
precipitating from the beginning of the model, producing 0.2 g/L (original volume) once 
all water is evaporated. Gypsum began precipitating when 38% of the water had 
evaporated, producing 1.8 g once 100% of the water had evaporated. At the final stage 
of evaporation 3.5g of epsomite was also precipitated. When the pH was lowered from 
the measured 8.1 to 6, no aragonite formed. Gypsum began forming when 25% of the 
water had been evaporated, with 2.3 g formed once all water had been evaporated. 2.7 
g of epsomite also formed in the final stage of the experiment (Figure 6.24).  
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Figure 6.24: Modelled evaporation of 1L of water from the Cranky Jims seepage measured on the 07/08/2019. 
Minor minerals that formed at the end of the simulation (<99.9% of water evaporated) were removed for 
clarity. Models on the left had pH artificially lowered to 6, graphs on the right used the measured pH 8.1. 
 
Irrigation experiment 
Modelling of evaporation of water from the irrigation experiment shows at the initial 
measured pH of 7.6, aragonite should precipitate from the beginning, with gypsum 
beginning to precipitate when ~46% of the water has been evaporated, and producing 
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1.5 g/L (initial water volume) of gypsum once all water was evaporated. When the pH 
is lowered to 6, no aragonite forms, and gypsum begins to precipitate with ~36% 
evaporation, producing 2 g/L once all water was evaporated. At pH 4 the water began 
precipitating gypsum at ~34% evaporation, producing 2 g/L once all water was 
evaporated (Figure 6.25). 
  
 
Figure 6.25: Modelled evaporation of 1L of water from CJS which was used in the irrigation experiment. Minor 
minerals that formed at the end of the simulation (>99.9% of water evaporated) were removed for clarity. 
Models on the right had pH artificially lowered to 4 and 6, graphs on the right used the measured pH 8.1. 
 
6.4 Discussion  
6.4.1 Field study 
Precipitates have been observed in abundance in the headwaters of Murphys Creek, 
directly before and after the Murphys Creek silt pond (MCSP). The precipitates had not 
been identified and were hypothesised to be gypsum, since gypsum had been identified 
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previously in tailings dams by Craw and Pope (2017). This project will identify the 
precipitates formed in Murphys Creek and build on the long-term water analysis in 
Chapter 5 with further water analysis to understand small-scale processes occurring. 
This assessment of water quality aims to both understand the relationship between 
water quality and precipitates forming in the area and constrain spatial processes such 
as wastewater inputs and dilution from fresh sources throughout the site for future 
irrigation trials.  
 
Water analysis  
Minor creeks at sample sites 4 and 6 are very dilute in ions compared to samples in 
Murphys Creek. Site 4 has concentrations slightly above background levels, while site 6 
is around background levels (see chapter 5.X for background levels). Decreases in 
sulphate though the site from the initial seepage to the MC100 compliance point are 
significant, appearing to be largely due to dilution from the two naïve streams. Calcium 
has a large decrease in concentration at site 3 compared to other measured ions such as 
sulphate (Figure 6.8). Aragonite was observed precipitating in this area and may be the 
reason for the depleted calcium concentrations in the water.  
 
The formation of aragonite in the water and the apparent evidence of depleting calcium 
concentrations, and therefore bicarbonate ions too, complicates the use of conductivity 
as a proxy for sulphate concentrations. OceanaGold often uses conductivity as a proxy 
for sulphate due to a very strong relationship (R2 > 0.9). However, in an environment 
where aragonite precipitation is actively occurring, conductivity measurements used as 
a proxy could produce an artificially low sulphate concentration.  
 
Water analysis at Cranky Jims showed an extremely strong linear relationship between 
sulphate and K, Na, Mg and Ca from CJS to each downstream site. This indicates dilution 
is the only process significantly affecting sulphate concentration. If sulphate reducing 
bacteria were responsible for decreases in sulphate, the sulphate concentrations would 




Most of the precipitate sampled throughout the Murphys Creek site was found to be 
aragonite (CaCO3). The preferential formation of aragonite over calcite in high Mg water 
is well observed in salt-water environments through the ‘aragonite sea’ cycles 
(Balthasar & Cusack, 2015; Berner, 1975). Some examples of aragonite formation in 
freshwater lakes with a high Mg/Ca ratio have also been observed (Müller, 1971), and 
Mg has been shown to control aragonite or calcite precipitation in laboratory 
experiments in fresh water (De Choudens-Sanchez & Gonzalez, 2009). Hardie (1996) 
found that a ratio of 2 Mg/Ca would push the system to have aragonite dominant 
formation over calcite.  
 
As seen in Chapter 5, the waters from waste rock at Macraes have highly elevated Mg, 
which have become more elevated over time. The molar Mg/Ca ratio over time in MCSP 
(reprocessed from Chapter 5) is seen in Figure 6.26, with the 2 Ca/Mg ratio (Hardie, 
1996) marked, showing that since 2013 the water has had enough dissolved magnesium 
to preferentially form aragonite over calcite if at saturation.  
 
Figure 6.26: Molar Mg/Ca ratio in water from the Murphys Creek silt pond site, with the aragonite/calcite 
threshold marked at a ratio of mol. Mg/Ca 2 (Hardie, 1996). 
 
In the field, the aragonite appeared to form in association with either submerged grass 
and algae in the streams and with algal mats at the silt pond outlet spray. SEM analysis 


















have been observed to act as nucleation surfaces for freshwater precipitation of calcite 
with a significant impact on sedimentation rates (Stabel, 1986). The presence of 




Epsomite is typically observed as an evaporitic mineral. It is has a very high solubility in 
water of 731 g/L (Elvira-León et al., 2016). Evaporation modelling showed that 
epsomite will only form in complete or >99% evaporation of a body of water from MCSP 
or CJS. This would have been the case with the precipitate formed on the schist outcrop, 
where water may have pooled on the impermeable surface and been completely 
evaporated, leaving epsomite. If epsomite forms from irrigation with waste rock water, 
it will have a low residence time before returning to solution. Its high solubility means 
that most surface precipitates will be dissolved with rain events.  
 
Amorphous manganese oxide  
Manganese is not an element normally monitored in water monitoring at Macraes; 
however, the amorphous manganese oxide found at the schist outcrop triggered 
manganese to be included in the ICP-MS water analysis in this project at Murphys and 
Cranky Jims. Craw (2002) showed 0.1% MnO in host rocks and mineralised rocks at 
Macraes.  
 
Water quality guidelines for Mn have a trigger value of 1.2 g/m3 for 95% species 
protection (ANZECC 2000). Water exceeded this level in the sample from the same area 
the amorphous manganese oxide was forming. The elevated manganese concentration 
was very localised at this site with other water samples at Murphys recording low 
concentrations. At Cranky Jims, a water sample from the CJS recorded an elevated 
concentration of 5.34 g/m3. The presence of elevated manganese concentrations 
discovered here indicates that manganese should be included in some water monitoring 
at Macraes to monitor how manganese is occurring throughout the site and ensure it is 




Geochemical modelling predicts gypsum will form from the mine water as it evaporates; 
however, it has not been observed in samples of field precipitates through XRD or SEM 
analysis. Up to 1% sulphur was detected with handheld XRF in aragonite rich 
precipitates, indicating there may be minor gypsum present. The sulphate mineral could 
not be epsomite as it would dissolve in the waterways due to its highly soluble nature.  
Gypsum has moderate solubility in fresh water of 2 g/L (Bock, 1961). It is therefore a 
more desirable mineral for removing sulphate from solution in comparison to the highly 
soluble epsomite. The sulphate may return to solution, but on a much longer timescale 
than epsomite due to its lower solubility. Gypsum is the preferred sulphate mineral to 
form in irrigation of high sulphate water at Macraes due to its lower solubility than 
evaporite sulphates such as epsomite, meaning it will be more resistant to re-entering 
solution once precipitated  
 
6.4.2 Laboratory trial and geochemical modelling 
Irrigation experiment  
The outflow water from the high flow columns showed initial large decreases in ion 
concentration compared to the input water. Soil moisture is likely responsible for 
dilution of the elements in the outflow water, due to high sulphate water mixing with 
the existing pore water in the soils. The soil moisture at the Cranky Jims field site was 
measured at 18-22%. The soil columns contained ~1508 cm3 of soil, with a soil density 
assumed to be 1.6 g/cm3 and soil moisture of 20%, they may have contained about 483 
mL of fresh water. Assuming soil moisture as pure water and 100% mixing with added 
water, by week 4 soil moisture dilution would account for outflow water to be down to 
1917 g/m3 in the high flow setup, and 1218 g/m3 in the low flow setup. At week 4, the 
output water from the high flow columns had 1282 g/m3 and 1097 g/m3 sulphate, which 
is a 635 g/m3 and 820 g/m3 deficit from dilution alone. This is within the range of 
sulphate that would come out of solution with 60-90% evaporation according to the 
evaporation modelling (Figure 6.25).  
 
The irrigation experiment showed the concentrations of most ions increased from the 
depleted concentrations at week 4, to almost the levels of the input water at week 8. 
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This would partly be due to initial dilution from soil moisture, but as discussed dilution 
alone does not account for all the reduction. The high flow columns both recorded 
enrichments in calcium above what the input water contained by week 8, this may 
indicate initial gypsum precipitation occurred within in the first four weeks and was 
later partially dissolved. Some input from the soil is also expected, as seen in the control 
columns, where 20-30 g/m3 of Ca, Na and sulphate were in the output water.  
 
pH of the output was much lower than the input water, showing the influence of the 
acidic soil. As seen in the evaporation modelling (Figure 6.25), the lowered pH may 
allow for formation of gypsum earlier in the evaporation process as aragonite no forms 
to absorb the calcium ions. The low pH of the water from the soil columns and the fact 
that gypsum precipitate was observed rather than aragonite shows a key benefit of 
irrigation through acid soils around Macraes to instigate sulphate mineral precipitation. 
The less evaporation that is needed for sulphate minerals to form, the more beneficial 
for removing sulphate from solution.  
 
The plants in this trial appeared very healthy, growing rapidly and remaining green. 
However further effects of the gypsum observed forming around the roots is unknown. 
Roots coated in gypsum have been observed in other environments. Syslo, Myhre, and 
Harris (1988) found gypsum formed around roots and in root channels in a citrus grove 
in southern California, with no apparent negative effects on the plants. Zilberbrand 
(1995) demonstrated through modelling of surface water and groundwater quality that 
gypsum and carbonate crystallisation in the root zone was responsible for decreasing 
HCO3 and Ca in groundwater. This may mean the gypsum could continue to form on the 
roots without negative effects on the plants, but a longer-term study is needed. Gypsum 
can be applied to pasture to increase plant yield  (Jones, 1964); however, the volumes 
of equivalent gypsum that would be added through irrigation of waste rock water is 
much larger than would be typically applied. Uptake of sulphate from pasture is 
significantly less in winter months (Jones, 1964), and evaporation will also be less in 
winter so the sulphate reduction will be more effective in summer.  
 
The water from the Cranky Jims sump is different to other waste rock water from 
around the mine site. It is relatively enriched in calcium and sodium compared to 
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magnesium, sulphate and bicarbonate alkalinity. As seen in evaporation modelling, this 
means the system requires less evaporation to precipitate gypsum compared to water 
with a similar sulphate content from Murphys. As discussed in Chapter 5, the 
enrichment in calcium and sodium in the CJS water is likely due to the influence of 
tailings water. The higher calcium content in the water may make it more efficient at 
precipitating gypsum, however tailings water has a risk of becoming elevated in arsenic 
over time, and constant monitoring would be needed to ensure an arsenic plume does 
not occur. 
 
The laboratory irrigation experiment was run as a precursor to a field trial, where water 
will be irrigated on site at the Cranky Jims field site. The laboratory irrigation 
experiment was able to reduce the variables that are present in a natural system to help 
assess how evaporation in soil and uptake by plants will affect sulphate concentration 
in outflowing water. In the field the ‘outflow’ water would percolate deeper into the soil 
profile and eventually either reach groundwater, or surface streams. The low flow trial 
may have been to most ideal situation for the field, where very little water came out as 
outflow, meaning all sulphate was contained in the top 30cm of soil. In the field soluble 
minerals formed in this layer may be dissolved by rainfall and reintroduced to the wider 
system.  
 
Rainfall was not a factor in these trials. In the field, rainfall would dilute the high 
sulphate water, affecting if precipitate will form. The results of the pending irrigation 
field trial at Cranky Jims will increase our understanding of this and of how the other 
more complex variables that come with working in a natural system will affect 
precipitation of minerals and water geochemistry.  
 
Wetland trial 
The material used in the Wetland 1 set up was collected from the same site as water 
quality measurement CJ2 (Figure 6.4) where the water was measured at 1246 g/m3 
sulphate. Wetland 2 was sampled from the same site as water quality measurement CJ1, 
where the water quality was measured at 1849 g/m3 sulphate. As the concentration of 
sulphate in the pore water is higher than the outflow at week 2, dilution from the water 
that was in the samples alone does not explain the decrease in sulphate measured in the 
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output. The decrease in sulphate concentration in the outflow water could therefore be 
due to sulphate reducing bacteria, converting the sulphate to sulphide gas and releasing 
it from the aqueous system. As with the irrigation trials, the sulphate and other ion 
concentrations were lower in the initial measurement for weeks 1-3 and higher in the 
sample from weeks 4-6. The pH of the wetland water remained neutral to slightly 
alkaline in the outflow water (pH 7.8 – 8). This contrasts with the soil column 
experiments, where the outflow water was pH 4-6.  
 
6.4.3 Geochemical modelling 
Saturation modelling indicated that magnesium carbonates dolomite (CaMg(CO3)2), 
magnesite (MgCO3) and huntite (Mg3Ca(CO3)4) should be often oversaturated in waters 
around waste rock at Macraes due to high magnesium and bicarbonate concentrations 
(Table 6.10). Original modelling of evaporation on Geochemist’s Workbench indicates 
that these minerals should precipitate with little to no evaporation necessary. However, 
it is highly unlikely they will form in the environment at Macraes. Modern dolomite 
formation is extremely rare, apparently occurring only under very specific 
circumstances. It may require sulphate reducing bacteria from the Desulfovibrio group 
(Vasconcelos et al., 1995) and modern dolomite formation has largely only been 
observed in marine settings and anoxic conditions in saline lakes (Deckker & Last, 1988; 
Vasconcelos & McKenzie, 1997). In the field, the carbonate that was modelled to form 
dolomite, magnesite or huntite is seen to form aragonite if saturated.  
 
As discussed in 6.4.1, aragonite will form preferentially over calcite due to high 
magnesium concentrations. Given the above knowledge, the magnesium carbonates and 
calcite were suppressed in the produced evaporation models. The suppression of the 
unlikely minerals produced mineral profiles like what was observed in the field 
observations and irrigation experiment. This shows modelling can be a useful tool in 




6.5 Conclusions and future work  
Observed precipitate forming in Murphys Creek was found to be aragonite (CaCO3), 
while epsomite (MgSO4) and an amorphous manganese oxide were also found on site 
forming on a schist outcrop. Precipitation of minerals through evaporation of mine 
water at Macraes is primarily influenced by concentrations of major ions Ca, SO4, Mg 
and HCO3. High concentrations of HCO3 will supress formation of gypsum due to 
preferential use of calcium in aragonite precipitation. The use of saturation index 
calculations and evaporation modelling is useful to quantify when used in conjunction 
with knowledge about mineral growth and stability.  
 
Removal of sulphate through gypsum precipitation would be more effective in tailings 
influenced water than waste-rock water due to a higher Ca:HCO3 ratio. This is 
unfortunate from a management perspective as tailings water has a higher risk for 
elevated arsenic concentrations than waste rock water. Therefore, it would not 
normally be recommended for an irrigation application.  
 
High sulphate water from waste rock piles may be safe for irrigation use; however, it 
will need to be carefully managed to avoid runoff into waterways. The irrigation 
experiment and geochemical modelling show significant evaporation may need to occur 
to precipitate gypsum, and gypsum precipitation and plant uptake in irrigation may not 
be enough to significantly decrease sulphate concentrations. If the irrigation is done 
under the region guidelines of 3.4 mm/day, it will limit throughflow and risk to the 
environment. It is recommended that application of the waste rock water only occur in 
summer months to allow for greater evaporation.  
 
A field trial will be run at the Cranky Jims field site, with water quality recorded through 
the trial and soils assessed before and after.  
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Chapter 7 Conclusions 
This project characterised four aspects of mine waste at Macraes, an active orogenic gold 
mine in Otago, New Zealand. Minerals generated through oxidation with an autoclave 
were characterised, along with how the autoclave has influenced the mineralogy of 
tailings. Water records from waste-rock and tailings influenced waters were used to 
evaluate how water rock interactions have affected water chemistry over time. The 
feasibility of using high sulphate waste-rock influenced water for irrigation was 
evaluated. Key findings from these investigations are summarised below: 
• The pressure oxidation autoclave oxidises a pyrite and arsenopyrite ore, 
producing scales that are high in arsenic (up to 22 wt.%), sulphur and iron.  
• From 2007-2016, an antimony (Sb) rich ore was also processed at Macraes.  Sb 
appears to form tripuhyite in the autoclave with ~5% arsenic. This mineral is 
highly insoluble, isolating the antimony from processing and tailings water at 
Macraes.  
• Since pressure oxidation has been introduced, the sulphides arsenopyrite and 
pyrite have still been deposited in the tailings, seen in all tailings samples. The 
presence of sulphides stored with ferric oxide material may decrease stability and 
increase mobility of arsenic in the tailings. Further work would be needed to 
quantify this risk.  
• In waters of ambiguous source, the relationship between magnesium:sulphate, 
and calcium:carbonate can be used to identify whether water is tailings 
influenced or waste rock influenced at Macraes.  
• Sulphate and magnesium concentrations have increased at a great rate in 
drainage from Frasers West Waste Rock Stack over the past 20 years. This is due 
to the dissolution of pyrite producing sulphuric acid, which is neutralised as it 
reacts with chlorite, which generates Mg, and calcite, generating Ca2+ and HCO3-. 
Ca and HCO3 have not increased at the same rate in the measured waters due to 
precipitation of aragonite (CaCO3) in the waste rock stacks and waterways.  
• The mineral observed precipitating in Murphys Creek was found to be aragonite, 
while the evaporite mineral epsomite (MgSO4) was also observed.  
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• Precipitating out a stable sulphate mineral such as gypsum to reduce aqueous 
sulphate concentrations will require significant evaporation and plant uptake. A 
laboratory irrigation trial showed sulphate concentrations initially decreased but 
increased again until the output levels of sulphate were almost as high as the 
input. Irrigation onto the acidic soils surrounding Macraes should assist in 
precipitation of gypsum due to suppression of CaCO3 precipitation at a lower pH, 
but results from this work show it is unlikely to remove enough sulphate for 
waters to be compliant.  
• Irrigation of high sulphate water may work in carefully managed areas to ensure 
the water does not drain into waterways. If irrigation rates follow the regional 
guidelines, throughflow into groundwater should be minimised.  
• Environmental issues at Macraes are generally successfully contained, with any 
aqueous arsenic in tailings being adsorbed to the abundant ferric oxyhydroxides 
produced in the pressure-oxidation autoclave. However, high sulphate from the 
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